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ABSTRACT 
 
In support of the recent interest in fuels from renewable resources for fuel cells, the 
intermediates of the oxidation of formic acid and ethanol to CO  on platinum electrodes have 
been examined. The adsorbed carbon monoxide intermediate continues to be the cause for a 
decrease in efficiency and activity for platinum electrodes and is the leading surface poison 
(intermediate) in the most common oxidation reactions. We have studied the CO species 
generated from both fuel and CO-saturated media to observe site conversion of the CO species 
on polycrystalline platinum and platinum single crystal surfaces with respect to concentration, 
composition of electrolyte, and potential with electrochemical techniques and broad-band sum 
frequency generation spectroscopy (BB-SFG).  
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In situ BB-SFG allows for the chemical analysis of electrode surfaces to examine details 
of surface electrochemical reactions. SFG is based on a second order nonlinear optical process 
that is forbidden in centrosymmetric media. Therefore, SFG is intrinsically interface-sensitive 
and enables surface chemical measurements without contribution from the bulk. With the aid of 
a femtosecond IR laser, we probe vibrational transitions of adsorbates in real time on the 
electrode surface as the potential at the surface is scanned at rates up to 5 mV/s.  
Studies of CO species, other reaction intermediates, and adsorbates will be discussed in 
relation to their poisoning of catalysis by single crystal Pt electrodes. These experiments 
demonstrate the sensitivity of the BB-SFG technique to the adsorbed species, and its capability 
to examine adsorption site conversions of the species on the electrode surface.  
In formic acid fuel solution, in situ BB-SFG was used to obtain vibrational spectra of CO 
adsorbates produced from formic acid oxidation on a Pt(100) electrode in sulfuric acid and 
perchloric acid media. The BB-SFG simultaneously monitored all forms of the CO intermediates, 
including steady-state, as the potential was scanned at 5 mV/s. Spectra were compared to 
those obtained from CO adsorbed from a CO-saturated electrolyte. While adsorbed from 
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HCOOH, CO had a sharp atop transition near 2050 cm-1 and a broader multiply-bonded 
transitions in the 1700-1900 cm-1 range, which appear to result from bridge-like and higher-
coordinated (possibly fourfold) CO. As the potential was scanned from -0.2 to 0.3 V (vs. 
Ag/AgCl), the bridge-like CO disappeared and the amount of atop CO increased. At potentials 
above 0.5 V, CO was in steady-state, being oxidized on the surface to CO2 and replenished by 
CO from HCOOH. These measurements show that BB-SFG can observe potential-dependent 
interconversion of different CO forms on the electrode surface and can measure steady-state 
reaction intermediates on a surface in real time. 
In situ BB-SFG was also employed to study ethanol on platinum electrodes as a means 
to elucidate the mechanism of this reaction on catalyst surfaces for fuel cell applications. 
Recently, the interest in ethanol has increased, not only as a renewable resource, but especially 
as a fuel source due to its high theoretical yield of 12 electrons released upon complete 
oxidation. Incomplete oxidation, a major setback with ethanol oxidation, forms byproducts and 
intermediates slowing the oxidation reaction or prohibiting it from occurring further. Among the 
byproducts are acetic acid and acetaldehyde, where the C-C bond is not yet broken, or the 
intermediate CO, where the C-C bond has been broken and is further oxidized to CO2. Using 
simultaneous electrochemical techniques and broad-band sum frequency generation, these 
byproducts and intermediates formed on platinum electrodes will be discussed in both acidic 
and basic media, as a function of electrolyte composition and ethanol concentration. 
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CHAPTER 1 
INTRODUCTION AND DISSERTATION OVERVIEW 
 
1.1 Background 
Electrochemical and spectroscopic techniques are powerful tools to study 
electrooxidation reactions at an electrode surface in aqueous media. Electrochemical reactions 
are affected by numerous experimental factors including electrode material and characteristics 
as well as electrolyte composition. These factors can dramatically affect the reaction processes 
and other electrode characteristics. Simply speaking, an electrochemical process is any 
chemical or physical process that involves the transfer of charge and is the basis for many 
devices that we are familiar with, such as batteries, electrochemical sensors, and fuel cells.  
The main focus of the Wieckowski group is towards method development for fuel cell 
applications. This work, mainly fundamental in nature, involves systematically studying 
electrochemical reactions that would occur at the anode of a fuel cell both electrochemically and 
spectroscopically using broad-band sum frequency generation (BB-SFG) in a collaborative effort 
with Professor Dana D. Dlott. As platinum thus far is the most active catalyst towards many fuel 
cell oxidation reactions and is a model electrode,1 my work involves studying the oxidation of 
small organic molecules on platinum single crystal electrodes, as well as polycrystalline 
platinum, to explore surface structure effects and the influence of these effects in different 
electrochemical and fuel environments. These studies were originally designed to gain 
experimental information about model systems in a collaborative effort with a theorist to further 
the understanding of these systems and in the efforts of finding alternative catalysts to platinum. 
In order to study the electron transfer reactions at a metal electrode and the electrolyte 
interface, one must realize that many complex interactions are occurring, not just the simple 
transferring of electrons from one electrode to another, adding to the complexity of these 
measurements. Beyond the basics of oxidation and reduction between the electrode and the 
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electrolyte (Figure 1.1), it is not the metal or the electrolyte composition that are key factors in 
the case of electron transfer, but adsorption of the species upon the electrode surface.2 Upon 
contact between the electrode and the electrolyte, an interface is formed where reactions that 
occur typically do not behave as reactions would on the bulk electrode or in the bulk solution. 
This difference arises due to the electrochemical double layer and the band-bending in the 
electronic structure at the electrode’s edge.  
 
1.2 Electrochemical Double Layer  
First described by Helmholtz, the electrochemical double layer was first considered to be 
a single layer of ions opposite in charge to that of the charged metal electrode (Figure 1.2).3 
This inner layer or plane immediately next to the electrode is considered a compact layer that 
can also contain specifically adsorbed charged species (although these were not initially 
considered by Helmholtz).4 Past the inner layer lies the outer Helmholtz layer, which is not as 
tightly bound to the electrode surface, where solvated ions exist and are non-specifically 
adsorbed. The overall result is two layers of charge (the double layer) and a linear potential drop 
which is confined to only the double layer. However, this simplistic model of the electrochemical 
double layer does not account for many factors, such as diffusion of ions in solution, specifically 
adsorbed ions to the electrode, and the interaction between solvent dipole moments and the 
electrode.  
In order to correct for these shortcomings, models proposed by Gouy-Chapman, and 
later by Stern, begins to address some of these limitations. The double layer model by Gouy-
Chapman accounted for the fact that the interactions between the electrode and solution were 
not rigid, which lead to the idea of a diffuse outer Helmholtz plane and that interactions between 
the ions and the charged plane decreased with distance from the electrode. Stern incorporated 
both the rigid model by Helmholtz and the diffuse layer model by Gouy-Chapman, but this 
model still does not allow for specific adsorption, which causes a potential difference either 
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favoring or hindering the reaction.5 Perhaps a more complete model includes the additions by 
Stern-Frumkin-Grahame in which this model allows for ions close to the electrode surface to 
interact with the metal either by specific adsorption or through loss of some or all of its solvation 
sphere.6 In order for a reaction to occur at the surface, it is necessary to understand the 
interactions between the metal and adsorbates. 
 
1.3 Surface Reactions 
1.3.1 Adsorption. Adsorption of a molecule onto a surface causes new electronic states to 
form due to the bonding to the surface, and the nature of this bond determines the molecule’s 
properties and reactivity.7 Adsorption can occur either by physisorption, where the bond is weak 
with little or no change in the electronic structure, or more strongly through chemisorption.7  
Chemisorption of a molecule to the surface involves a rearrangement of the valence levels of 
the molecule7 and is the most commonly accepted model for adsorption of a molecule onto a 
metal surface.8 Especially in the case of carbon monoxide (CO) adsorbed onto a transition 
metal, the extent of the interactions between the molecular orbitals of CO and the metal 
determine the strength of adsorption. 
The adsorption of CO to a metal surface is considered to occur through a 5σ donation- 
2π backdonation model first proposed by Blyholder9 and later by Bagus et al.10 Electron transfer 
occurs from the 5σ orbital of CO to unoccupied metal orbitals, along with backdonation of 
electrons from occupied d-level orbitals with sp-π orbital mixing to the unoccupied 2π orbitals of 
CO.9,11 This interaction creates a CO-like anti-bonding level above the metal’s Fermi level a 
metal-like bonding level below the Fermi level.12,13 The mixing of the CO 2π orbital with the d-
level orbitals is the more dominant of the two interactions.12,14 Changes in the Fermi levels 
between transition metals causes changes in the CO-metal adsorption strength, as the d 
orbitals become more diffuse when the Fermi level rises and hence, weakens the CO-metal 
bond.14 As for platinum, CO is typically very strongly bound to the surface, as the d electron 
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count increases across and the number of electron increase down the periodic table, but as for 
many metals, this adsorption is structure specific.11,14  
1.3.2 Oxidation. Oxidation reactions of adsorbed species at the metal electrode surface are 
commonly thought to occur by one of two mechanisms: the Eley-Rideal mechanism and the 
Langmuir-Hinshelwood mechanism.15,16 Both are second order mechanisms where one 
adsorbate is on the surface, but there the similarities end. For an Eley-Rideal type reaction, the 
second reacting species is in the gas phase, and a product is formed when the gas phase 
reactant interacts with the adsorbed reactant but both reactants do not have to be adsorbed. In 
the Langmuir-Hinshelwood (L-H) mechanism, the interacting species are both adsorbed onto 
the surface and then react when near each other. A few reactions seem to follow the Eley-
Rideal mechanism,17-19 but the majority of surface catalytic reactions follow the L-H 
mechanism,15,20-23 as do the oxidation of formic acid and ethanol,24 which are the fuels studied in 
this work. 
1.3.3 Equations of Electrode Reactions. Reactions of adsorbates at a metal surface can be 
addressed by some basic electrochemical equations. A typical redox reaction is denoted by the 
equation: 
RneO ⇔+ −           (1.1) 
where the forward reaction represents the reduction of the species O and the reverse reaction is 
the oxidation of the species R and n is the number of electrons transferred for a reversible 
reaction. At equilibrium the electrode potential of the reversible redox reaction can be calculated 
by the Nernst equation: 
*
*
0
][
][ln
R
O
nF
RTEE +=      (1.2) 
where E0 is the standard potential of an electrode or a couple, R is the gas constant, T is the 
temperature in Kelvin, and F is the Faraday constant.4 The current, i, or rate of the reaction, k, 
can be related to the electrode potential through the Butler Volmer Equation: 
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where k0 is the heterogeneous rate constant, α is the transfer coefficient of the reaction, A is the 
area of the electrode, and CO and CR are the concentrations of the reactants O and R, 
respectively. 
In the case of an irreversible reaction, one where the k0 is very small or where only the 
adsorbed O species is electroactive, the current is found by: 
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where kf is the rate constant of the forward reaction, ν is the scan rate, and ΓO* is the bulk 
concentration of the adsorbed species O.  
As current, i, is controlled by the rate that reactants can reach the electrode surface, 
deviations from equilibrium behavior for either the reversible or irreversible case can be 
measured by the overpotential: 
0EE −=η                   (1.5) 
where η is the overpotential, which is related to the current through the Tafel equation: 
)log(iba +=η      (1.6) 
A plot of log(i) vs. η would give a linear region in which the slope b would be the Tafel slope in 
terms of mV/decade. For standard conditions (RT), a Tafel slope would be on the order of 120 
mV/decade per electron transferred.  
 
1.4 Vibrational Spectroscopy  
1.4.1 Technique Overview. Electrochemical techniques like chronoamperometry (CA) and 
cyclic voltammetry (CV) are able to probe the reactions that occur at an electrode surface, and 
much information can be gleaned from these surface techniques with regards to differences in 
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electrode structure and the observation of changes in the oxidation pathway with respect to 
potential. However, in order to fully understand the mechanistic aspects of oxidation reactions, 
the use of spectroscopic methods is essential. Hence, a major part of this work is the pairing of 
electrochemical methods with the highly sensitive surface technique broad-band sum frequency 
generation (BB-SFG).   
Nonlinear, second-order optical techniques, such as sum frequency generation and 
other frequency mixing techniques, are often used to study interfaces because they are surface 
specific. In a nonlinear process, high intensity light causes an induced polarization of the sample 
by its electric field to behave both linearly and nonlinearly.25 The polarization of the sample is a 
function of the energy of the light and can be expressed as a power series of E. Upon Fourier 
transform, the polarization can be written as a sum of the linear and higher-order nonlinear 
terms: 
...),(),(),(),(),(),(),( 3)3(2)2()1( +⋅+⋅+⋅= ωωχωωχωωχω kEkkEkkEkkP  (1.7) 
where χ(1) is the linear susceptibility tensor, χ(n) is the nth-order nonlinear susceptibility tensor, ω 
is the frequency and k is the wavevector of the external field.26 
For these processes, the polarization at a frequency must be a real and measurable 
quantity, which is only true if: 27 
*),(),( kiPkiP ωω =−−=      (1.8) 
The electric field must also satisfy this criterion in order to ensure a symmetry of nonlinear 
susceptibilities.27 However, a process like SFG is not allowed in a bulk medium with 
centrosymmetry28 according to the electric-dipole approximation.29 In order for SFG to occur, 
this inversion symmetry is broken at the interface where the two media intersect (Figure 1.4), 
which accounts for the surface specificity of the technique.30,31 SFG is a three-wave-mixing 
process of two incident light waves with that of the medium, producing a third wave (the SFG 
signal).31,32 If symmetry exists between the two media, no SFG signal will be produced such that 
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the probe must be both IR and Raman active.29 Specifically for SFG, the two incident laser fields 
[E(ωvis) and E(ωIR)] cause a nonlinear polarization, P, in the medium: 
)()()( )2(0 IRvisSFG EEP ωωχεω
rrr =      (1.9) 
where χ(2) is the second-order nonlinear susceptibility tensor, and ε0 is the permittivity of free 
space.26 The resulting frequency of the SFG light wave is a sum of the infrared light source and 
the visible light source: 
visIRSFG ωωω +=       (1.10) 
with an angle of incident equal to:33 
21
2211 )sin()sin()sin( ωω
θωθωθ +
+=SFG     (1.11) 
and the intensity of the SFG signal is roughly proportional to the SFG polarization squared: 
( ) ∑+∝∝
ν
γν
νχχ IRVisiRNRSFGSFG IIePI 2)2(22   (1.12) 
where χNR(2) and χR(2) are the non-resonant and resonant components of χS(2), the effective 
surface nonlinear susceptibility, and γν is the relative phase of the νth vibrational mode.34 As 
three wavelengths of light are involved in the SFG process, the polarization of each of the 
components can play a part in the strength of the SFG signal, which will be discussed in the 
following section. 
 When studying the interface with a technique like SFG, many other factors must also be 
taken into consideration during calculations, such as polarization, surface properties, orientation 
and motion of molecules, and as well as contributions from the bulk solution. These factors are 
included into the effective surface nonlinear susceptibility, χS(2):  
( )
SBlDS χχχχ ++=2     (1.13) 
where χD is the electric-dipole contribution from the polar-oriented surface layer, χl is the 
electric-quadrupole contribution form the surface region due to the rapid field variation at the 
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interface, and χSB is the electric-quadrupole contribution originating from the bulk, and each term 
can be further characterized into its resonant and non-resonant terms.35 The effective surface 
susceptibility term also contains information about the polarization of the beams because it can 
be broken down into four independent nonzero elements, where each accounts for the possible 
polarization combinations of ssp, sps, pss, and ppp (polarization of the SFG beam, visible, and 
IR, respectively).34 P-polarized light refers to light that is polarized parallel to the plane of 
incidence, whereas s-polarized light is light polarized perpendicular to the plane of incidence. By 
varying the polarization of the beams, additional orientation, structural and conformational 
information can be obtained.36-38 
The orientation of molecules at the surface are due to the surface/adsorbate interactions 
as well as interactions with the static interfacial electric field,33 which is represented in the above 
equation as χD. This term can be further characterized by: 
( ) ( ) ( ) ( ) ( )( )( ) ( )2
,,
ˆˆˆˆˆˆ lmn
nml
ckbjaiSijkD ankmjlixsssN ∑ ⋅⋅⋅= ωωωχ   (1.14) 
 
where NS is the surface density of the polar-oriented molecules at the surface, si(ωa) =EZ(z =0, 
ωa)/DZ(z =0, ωa) for i =z and is equal to unity for i =x or y, a(2) is the second-order nonlinear 
polarizability, and the angular brackets are symbols for an average over the orientational 
distribution.35 The measurement of the angle of orientation is shown in Figure 1.4 and is 
calculated by: 
22 2/)(
22
1)( σθθπσθ
oef −−=
    (1.15) 
where f(θ) is a Gaussian function around θo ≠ 0 instead of the interfacial normal where θo = 0. 
  We pair this surface specific technique with electrochemical methods and the use of a 
broad-band IR source, which has been described in previous publications39-41 and will be 
discussed later in this dissertation. Our spectrochemical cell is in the thin layer configuration 
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with a 25 μm spacer to reduce ohmic drop losses. This thin layer gap allows us to use a 
relatively fast potential scan rate (5 mV/s), which temporally correlates the electrochemical 
response and the spectroscopic measurements.40,42 With advantages over other IR techniques 
due to no signal from the bulk and the attenuation of water only once, the use of BB-SFG 
enables the analysis of the surface adsorbates in situ and in real reaction time and has been 
proven as a quantitative technique.40,42,43  
1.4.2 Fitting of BB-SFG Spectra. In order to extract CO molecular parameters from the BB-
SFG data, the CO spectra are fit according to the equation:40 
2
2
2
)exp()()2ln(4exp)( ∑ Γ+−+−×⎥⎦
⎤⎢⎣
⎡ Ω−−∝
ν νν
ν
ωωφδ
ωω
i
NAiAI NRSFG     (1.16) 
where the first term deals with the broad-band IR pulse spectrum, which is fit by a Gaussian 
function centered at frequency Ω and width δ, ANR is the non-resonant amplitude, φ is the phase 
difference, NAυ is the product of the molecular density and species amplitude, ωυ is the central 
frequency, and Γυ is the FWHM linewidth. Even for bridging CO spectra, the equation produces 
a nice fit (Figure 1.5). From this fitting equation, we gain multiple peak parameters including the 
peak position, from which we can calculate the Stark tuning slope. 
 Stark tuning refers to the vibrational Stark effect caused by the change in vibrational 
frequency, ν, of adsorbed molecules due to an electric field, and molecular vibrations can also 
be caused by an applied external potential, E.44,45 We can calculate the Stark tuning rate (dν/dE) 
by calculating the slope in the linear region of a plot of peak position (wavenumber) vs. 
potential. This value is useful for two main reasons. One, a Stark effect caused by scanning the 
electrode potential is a good indication that the transition observed via BB-SFG is a molecular 
adsorbate and not an artifact or a non-resonant signal. Two, the value of the Stark tuning slope 
can give insight as to the CO coverage on the electrode surface.46,47 Typically, saturated CO 
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coverage will give a Stark tuning slope of ~ 30 cm-1 V-1,47 and low CO coverages will have a 
Stark tuning rate of 40 cm-1 V-1 or higher.46 
1.4.3 Applications to Fuel Cell Catalysis. A surface-specific technique such as BB-SFG 
gives freedom as to observe changes between crystal structures, like the platinum fcc single 
crystals studied (Figure 1.6), as well as the production of reaction intermediates from fuel 
oxidation. We have used this technique primarily to study the adsorbed CO intermediate and its 
vibrational transitions (Table 1.1) which are surface specific and, as we have learned, electrolyte 
specific. CO can adsorb to the surface in three general positions—atop, bridge, or multi-fold 
(Figure 1.7), where atop coordination is one CO molecule per metal atom, bridging is one CO 
per two metal atoms, and multi-fold coordination is a CO molecule bound to multiple metal 
atoms as it is near a surface structure hollow site.48 Monitoring adsorbates on the surface of a 
catalyst can offer great insight as to reactions that would happen at fuel cell electrodes, 
including the reactions that cause poisoning or could help in the area of catalyst development. 
 
1.5 Small Organic Molecule Fuel Cells 
Proton exchange membrane (PEM) fuel cells typically lose ~30% of their power due to 
poor oxygen reduction kinetics. Storage of hydrogen is also a difficulty, so the production of 
hydrogen from other means, such as small organic molecules, is being explored. Based upon 
the idea of a polymer electrolyte membrane (PEM) fuel cell, the major component of a small 
organic molecule fuel cell is the MEA, which electrochemically converts a fuel into energy, 
contains the anode and cathode catalyst layers, and a semi-permeable polymer electrolyte, 
commonly called the membrane (Figure 1.8).49 The fuel stream is fed from an external source 
into the fuel cell, where the fuel is oxidized at the anode. Protons then flow through the 
membrane towards the cathode. Waste, which is water, is generated from the half cell reaction 
at the cathode and is removed from the fuel cell. 
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Since the polymer electrolyte membrane is responsible for ionic flow throughout the fuel 
cell, the membrane must satisfy several requirements in order to have utility in a 
commercializable fuel cell including a high ionic conductivity, zero electrical conductivity, low 
gas permeability, high resistance to degradation, and high mechanical strength.50 The leading 
acid-based membrane is made from Nafion (Figure 1.9) which is a copolymer of 
poly(tetrafluoroethylene) and polysulfonyl fluoride vinyl ether and is manufactured by DuPont.51 
Due to complications in proton conductivity and membrane failure both due to water 
evaporation, operating temperatures with a typical Nafion membrane cannot exceed 100° C.52  
Water management throughout the fuel cell is also an important consideration, as many 
performance losses in the fuel cell arise from aspects of a membrane’s hydrophobicity and 
hydrophilicity as well as membrane dehydration.53 Ongoing studies into different membrane 
materials are employing the use of polyaromatic ionomers54 and silica-doped sulfonated 
poly(fluorenyl ether ketone)55 membranes for high temperature fuel cells. Both of these 
examples show improvement over traditional perfluorinated membranes (i.e. Nafion) but also 
experience declines in efficiency and water management at temperatures over 100 ° C.54,55  
 Microfluidic fuel cells are also an option and have shown success with formic acid as a 
fuel. These fuel cells employ laminar flow techniques to prevent cathode flooding and fuel 
crossover from the anode to the cathode.56-61 
 
1.6 Formic Acid Oxidation 
The poisoning of platinum surfaces from small organic molecules during electrooxidation 
has been recognized and thoroughly studied, but much information has yet to be gained as to 
how these reactions proceed on an electrode surface. Formic acid oxidation on platinum 
surfaces has been extensively studied due to its ease of activation over hydrocarbons and can 
also be considered as a model for the oxidation of other small organic molecules, such as 
methanol and ethanol.1,62 Formic acid has a simple structure and only two electrons in its 
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oxidation to carbon dioxide, but the reaction mechanism has been found to be rather complex. 
Originally thought to follow a dual-path mechanism on platinum electrodes,62,63 it is now believed 
that it follows a triple-pathway mechanism, as proposed by Chen et al.64  
Studies of formic oxidation may offer more insight into the methanol oxidation reaction to 
CO2 as formic acid is a likely intermediate in methanol oxidation.65 Of the noble metals, platinum 
exhibits the highest activity in the oxidation of formic acid,1,66,67 thus studies of the oxidation 
reaction have primarily utilized platinum, including platinum single crystal surfaces.68-71 In 
previous single crystal studies with formic acid using only cyclic voltammetry (CV), conflicting 
results have been reported regarding the existence of surface structure effects in the oxidation 
of formic acid.71-74 Understanding the differences in reactivity between the crystal surfaces and 
the role of the intermediates in the formic acid oxidation reaction at the anode is essential in the 
further development of fuel cells. 
There has been a recent surge of interests in formic acid oxidation studies. Reported 
advances include observation of adsorbed formate (HCOOad) as an intermediate on platinum 
through the use of surface-enhanced IR absorption spectroscopy (SEIRAS)75-77 and in situ 
attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIRS)64,78. This has 
led to the introduction of a triple-pathway HCOOH oxidation mechanism64 over a dual pathway 
mechanism, as was previously accepted, with the addition of a pathway through a formate 
intermediate (Figure 1.10). However, the role of COad in the formic acid oxidation reaction is still 
relevant as all platinum surfaces are susceptible to CO poisoning.1 The nature of the adsorption 
of the poisoning species is related to the surface structure of the crystal and can undergo phase 
transitions from linear (atop), bridge, or three-fold sites as the experimental conditions change.79  
Recently, in electrochemical surface science, great effort has been directed to the 
correlation between the electrocatalytic activity and the surface metal electronic-level properties, 
changes in the metal d-band center,80-83 and in associated core level binding energy (BE) shifts 
(as measured by X-ray photoelectron spectroscopy).84,85 It was observed theoretically80-82 and 
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experimentally85 that the changes of the bond strength of the adsorbates scale directly with the 
change of the metal d-band center or shifts of core-level BEs and affect the reaction rate 
significantly. Specifically, with respect to formic acid electrooxidation on palladium surfaces, by 
lowering the d-band center (down and away from the Fermi level) and shifting the core-level 
BEs to higher values, the surface binds the intermediates less strongly, and the reaction 
proceeds more easily along the direct pathway to the production of CO2.85 
In response to the recent topics presented above, further studies of formic acid oxidation 
on single crystal and polycrystalline platinum electrodes are explored. Through the combined 
use of CA and fast-scan CV, we have examined the rates of formic acid decomposition to COad 
as a function of electrode potential and reaction time. Chronoamperometry, by measuring 
current decays during formic acid decomposition, allows for the study of the surface reactivity of 
the HCOOH molecule whereas the fast scan CV provides an insight into the process of COad 
accumulation during HCOOH oxidation.86 The combined use of these techniques allows for the 
to study of the extent of adsorbed species on the electrode surface during formic acid 
decomposition.  
 
1.7 Ethanol Oxidation 
The interest in ethanol has increased, not only as a renewable resource, but especially 
as a fuel source due to its high theoretical yield of 12 protons and electrons released upon 
oxidation. However, if incomplete oxidation occurs upon the catalyst, a major setback with 
ethanol oxidation, byproducts and intermediates form either slowing the oxidation reaction or 
prohibiting it from occurring further (Figure 1.11). In acidic media, and on platinum and Pt-based 
electrocatalysts, ethanol oxidation occurs through adsorbed acetyl species which can lead to 
formation of acetaldehyde and acetic acid as final products, in addition to carbon dioxide from 
the oxidation of surface CO. Partial oxidation intermediates such as acetaldehyde (Figure 
1.11b) allow for only a 2 electron process to initially occur, but the adsorbed intermediate can 
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continue to react by quickly decomposing to surface CO and further oxidizing to CO2, allowing 
for 10 additional electrons to be produced. Byproducts such as acetic acid (Figure 1.11c) will not 
continue to react and only allow for 4 electrons to be produced from the ethanol oxidation 
reaction. One of the largest challenges in ethanol oxidation is the breaking of the C-C bond in 
pathway (a), leading to single carbon intermediates and products, such as methanol and CO, 
which may further oxidize to CO2. 
Decomposition of ethanol to smaller fragments requires the split of the C-C bond,87,88 but 
there is little knowledge of how this split occurs in electrochemistry. In the elementary act of 
ethanol oxidation on Pt, adsorbed CO is ultimately formed which justifies the use of bifunctional 
additives like Pd for preparation of catalysts in acidic media for DEFCs.  
 The goal of my research is to observe how changes in electrolyte, adsorption potential, 
and surface composition can determine which pathway the ethanol oxidation reaction proceeds 
and to manipulate those conditions to increase the efficiency of the oxidation reaction. By 
varying the catalyst structure and the type of electrolyte, we are studying ethanol oxidation 
products both electrochemically, with cyclic voltammetry (CV) and chronoamperometry (CA), 
and spectroscopically, using broad-band sum frequency generation (BB-SFG). Electrochemical 
studies were performed in acidic media. In order to determine changes in catalyst properties, 
preliminary studies on platinum electrodes in acidic media were obtained as a basis for future 
comparison.  
 
1.8 Dissertation Goals 
With the use of both electrochemical and spectroscopic techniques, various aspects of 
small organic molecule oxidation have been probed as a function of surface, fuel, 
electrochemical potential, and electrolyte for a deeper understanding of the behaviors of the 
electrode surface and the mechanisms of oxidation reactions towards fuel cell applications. 
Chapters 2 and 3 explore the electrochemical aspects of formic acid oxidation on the low Miller 
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index platinum single crystals of Pt(100) in Chapter 2 and Pt(110) in Chapter 3, as compared to 
polycrystalline platinum and previous work done in the Wieckowski group on Pt(111). As was 
expected, we did find that the oxidation reaction was indeed surface structure specific, and we 
explored aspects as to the extent of poisoning of the electrode surface by CO. 
Chapter 4 gives an introduction to BB-SFG technique used in the Wieckowski and Dlott 
labs to study electrochemical interfaces and shows a wide range of applications from single 
crystals to nanoparticles. Although it may not been easily seen in the works presented, BB-SFG 
is a challenging technique, as knowledge of the types of adsorbates and their spectral regions is 
required prior to analysis. However, this technique shows great promise to observe many 
surface reactions that have not been able to be probed by other techniques. In the following 
chapters (Chapters 5, 6 and 8), BB-SFG was utilized to probe mainly the CO intermediate of 
formic acid oxidation (Chapters 5 and 6) and ethanol oxidation (Chapter 8). The CO 
intermediate is primarily considered a poisoning intermediate, as it passivates the surface and 
restricts adsorption of other intermediates until it is oxidized at high potentials. As pertinent as 
this intermediate is, it is also an easy molecule to detect by BB-SFG, as it is orientated vertically 
on the electrode surface and typically present in high coverage. Orientation of the molecules 
and lower coverages of adsorbates on the electrode surface add difficultly to detection of other 
adsorbates by BB-SFG but has not deterred the group from trying to analyze them. Although 
that data is not presented in this dissertation, many a day has been spent trying to detect these 
adsorbates that are indeed present on the electrode surface but are difficult to observe with BB-
SFG. 
The work presented in Chapter 7 was electrochemical work of ethanol oxidation on 
Pt(111). This work gave evidence that ethanol oxidation could be encouraged along one 
pathway over another by changing the adsorption potential at the electrode surface. We were 
highly encouraged by these results and started BB-SFG work on the polycrystalline platinum 
surface shown in Chapter 8. Although ethanol oxidation on Pt(111) with BB-SFG has not been 
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fully explored, it is a direction that will be taken by the group in the future. Many projects have 
been shown in this work and many more were intended to be started or completed, but this work 
has shown that BB-SFG is an ideal technique for monitoring adsorbates at an electrode and can 
be applied to many other fuel systems and electrode materials.  
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1.10 Tables and Figures 
 
 
 
Spectral Position Spectral Frequency  (cm-1) 
Atop ~2030-2090 48 
Bridge ~1840-1880 89 
Threefold ~1760-1790 90 
Fourfold (100) ~1820 91 
 
Table 1.1. Possible CO adsorption sites on an electrode surface and their vibrational transitions. 
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Figure 1.1.  Molecular orbital schematic of a) reduction and b) oxidation at the electrode/solution interface. 
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Figure 1.2. Cartoon of the Helmholtz electrochemical double layer. Image adapted from Figure 1.2.3 in Reference 
[4].4  
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Figure 1.3. Cartoon of the formation of SFG at the interface. 
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Figure 1.4. Definition of the orientational angle θ, where the Z-axis is normal to the electrode/electrolyte interface. 
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Figure 1.5. Fit of BB-SFG spectrum according to Equation 1.14.
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Figure 1.6. Cartoon images of the Pt(100), Pt(111) and Pt(110) fcc surface structures. 
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Figure 1.7. Cartoon images of the possible CO adsorption sites on a Pt(111) surface structures.
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Figure 1.8. Cartoon of small organic molecule fuel cell. Image courtesy of the Masel group at the University of 
Illinois and used with permission. 
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Figure 1.9. Structure of Nafion. Image from Wikipedia, accessed 8-14-2009. 
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Figure 1.10. A simple schematic of formic acid oxidation pathways, where pathway (1) is direct oxidation to CO2, a 
2 electron process. Pathway (2) is the indirect or formate, pathway, in which oxidation proceeds through an 
adsorbed formate intermediate, which can further oxidize to CO2, and pathway (3) is the poisoning pathway with 
adsorbed CO as an intermediate. 
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Figure 1.11. A simple schematic of ethanol oxidation pathways, where pathway (a) is complete oxidation to CO2, a 
12 electron process. Pathway (b) leads to the acetaldehyde intermediate, which can further oxidize to CO2, and 
pathway (c) produces acetic acid as a product. 
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CHAPTER 2 
STRUCTURAL SURFACE EFFECTS IN THE ELECTROOXIDATION OF FORMIC ACID ON 
PT(100), AS COMPARED TO PT(111) AND POLYCRYSTALLINE PLATINUM 
 
2.1 Notes and Acknowledgments.  
This chapter arises from unpublished work of my first studies of formic acid oxidation on 
the Pt(100) single crystal. As was expected even from the cyclic voltammograms of the platinum 
surfaces in clean electrolyte, there was also a surface structure dependence on the oxidation of 
formic acid on the single crystal surfaces. The oxidation reaction was also explored in perchloric 
and sulfuric acid electrolyte to examine the differences on this reaction in the presence of 
anions of differing strengths of adsorption. These results on Pt(100) are also compared to that 
of Pt(111) and polycrystalline platinum. 
The author would like to acknowledge Dr. Weiping Zhou for his work on the Pt(111) 
crystal and for instructing me on the electrochemical methods, and to Tyler Matthews, who was 
an undergraduate at Illinois at the time but is now a grad student at UC Berkeley for his hard 
work on Pt(100) in perchloric acid. I would also like to recognize the Army Research Office for 
funding through the MURI grant (DAAD19-03-1-0169) for fuel-cell research to Case Western 
Reserve University. 
 
2.2 Introduction  
 In order to better understand the kinetics of oxidation reactions on different surface 
structures, the study of CO and organic molecule oxidation reactions on platinum single crystal 
electrodes need to be explored both electrochemically and theoretically. Much work on Pt(111) 
has been performed due to its ease in preparation and handling, but kinetic and structure 
studies are more difficult with Pt(100), as its surface becomes disordered over time and with 
increasing temperature.1 CO is perhaps the most analyzed adsorbate on this surface,2-8 as it is 
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a model molecule and a poisoning intermediate in the oxidation reactions of methanol, ethanol, 
and formic acid, which are common fuels for fuel cell systems.  
A clean Pt(100) surface can exist in two phases- a hexagonal close-packed structure on 
a 1x1 underlayer (commonly called “hex”), or a (1x1) structure.2,9,10 Adsorption of CO onto 
Pt(100) causes an adsorbate-induced phase transition from the stable hex structure to the (1x1) 
phase.11 This results in an increased level of CO coverage (θCO) on the (1x1) structured surface 
than on the hex structure.2 As the CO coverage increases, the surface can also rearrange to a 
c(2x2), a (√2x3√2)R45° or a c(4x2) arrangement to accommodate the addition of more CO 
adsorbates on the surface.2 These surface reconstructions are important components to 
investigate with regards to their role in the oxidation of other molecules, such as formic acid. 
Studies of the oxidation reaction have primarily utilized platinum, including single 
crystals,12-15 as it exhibits the highest activity of the noble metals in the oxidation of formic 
acid.16-18 Although palladium has been shown to successfully oxidize formic acid in direct formic 
acid fuel cells (DFAFCs) with less CO poisoning,19-24 much information may be gained regarding 
the higher activity on platinum by studying platinum single crystals. Previous single crystal 
studies with formic acid using only cyclic voltammetry (CV) produced conflicting results 
concerning the nature of surface structure effects towards the oxidation of formic acid.15,25-27 
Understanding the differences in reactivity between the Pt crystal surfaces and the role that 
intermediates play in the formic acid oxidation reaction at the anode is essential in the further 
development of fuel cells. 
Recent spectroscopic advances include the observation of adsorbed formate (HCOOad) 
as an intermediate on platinum through the use of surface-enhanced IR absorption 
spectroscopy (SEIRAS)28-30 and in situ attenuated total reflection Fourier transform infrared 
spectroscopy (ATR-FTIRS).31,32 These observations have led to the introduction of a triple-
pathway HCOOH oxidation mechanism31 to replace a previously accepted dual pathway 
mechanism in which HCOOH can proceed through a direct oxidation pathway or either through 
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an adsorbed formate or CO intermediate. Especially on platinum, the role of COad in the formic 
acid oxidation reaction is relevant as all platinum surfaces are susceptible to CO poisoning.18  
In this chapter, studies of formic acid oxidation on single crystal and polycrystalline 
platinum electrodes are presented to address the dependence of the oxidation reaction on 
electrode structure. Through the combined use of chronoamperometry (CA) and fast scan cyclic 
voltammetry (CV), we have examined the rates of formic acid oxidation to COad on Pt(100) as a 
function of electrode potential and reaction time in both sulfuric and perchloric acid. 
Chronoamperometry allows for the study of the surface reactivity of the HCOOH molecule by 
measuring current decays during formic acid decomposition whereas fast scan CV provides an 
insight into the process of COad accumulation during HCOOH oxidation.33 The combined use of 
these techniques allows for the study of the adsorbed species on the electrode surface during 
formic acid decomposition.  
This chapter presents data examining the extent of adsorbed species and the potential 
dependence of the HCOOH electrooxidation pathway on a Pt(100) electrode surface during the 
formic acid electrooxidation reaction in addition to demonstrating surface structure effects by 
comparing the Pt(100) surface to Pt(111) and polycrystalline platinum.  
 
2.3 Experimental 
2.3.1 Platinum crystals. Three platinum surfaces were used as working electrodes. Specifically, 
a 2 mm platinum rod was cut and polished for use as a polycrystalline electrode, a 2 mm 
Pt(111) bead, and a 4 mm Pt(100) cylinder were used as single crystal electrodes. Prior to 
analysis, single crystal electrodes were annealed for several seconds in a hydrogen/air flame, 
cooled in an argon and hydrogen environment, and protected by a drop of ultrapure water for 
transfer to the electrochemical cell as previously reported.34 After annealing the single crystals, 
a cyclic voltammogram (at 50 mV s-1) was performed in clean sulfuric acid solution to test the 
electrode surface. The surface charge area was calculated by integrating the background CV in 
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sulfuric acid to determine the actual electrode surface area.35 Typical voltammograms for each 
platinum surface in sulfuric acid are consistent with the previously reported results (Figure 
2.1).36 Additionally, voltammograms of the Pt(100) surface in both studied electrolytes (0.1 M 
H2SO4 and 0.1 M HClO4) are shown in Figure 2.2.  
2.3.2 Chemicals and Other Experimental Conditions. Ultra high purity Ar and H2 gasses (SJ 
Smith), and chemicals HCOOH, HClO4, and H2SO4 (GFS, double distilled from Vycor) were 
used throughout the experiments. Solutions were prepared in acid cleaned glassware with 
ultrapure water (Millipore Milli-Q water, 18.2 MΩ cm-1, ~3 ppb TOC) and deaerated with Ar prior 
to measurements. All experiments were performed at room temperature (25±3°C). 
2.3.3 Electrochemical Methods. Combined CA and CV analyses were performed in a formic 
acid solution (0.1 M HCOOH in 0.1 M H2SO4 or 0.1 M HClO4) in a three electrode 
electrochemical cell with a platinum wire counter electrode and an Ag/AgCl (BAS, [Cl-] = 3 M) 
reference electrode. All reported values are versus RHE. Electrochemical measurements were 
obtained using a computer-controlled potentiostat (Eco Chemie, Autolab PGSTAT 30 with 
GPES software). Background transients were also recorded under identical conditions in clean 
electrolyte and subtracted, where necessary. 
The CA/CV program is adapted from previously reported methods33,37,38 and consists of 
three processes including cleaning pre-steps (to ensure surface cleanliness and experimental 
reproducibility), followed by a chronoamperometric step at a set potential and reaction time, and 
then a fast scan CV without breaking potential control during the course of the experiment. The 
chronoamperometric step is performed immediately after the cleaning cycle to control the extent 
of the formic acid oxidation reaction on the clean electrode and allows the surface reactivity to 
be monitored during surface adsorbate accumulation. Following CA deposition, three fast scan 
CVs are measured in the meniscus configuration, where the first scan strips the adsorbates, 
namely COads, from the surface, which are then quantitatively measured by integrating the 
 35
stripping area between the first scan and the second scan. The third scan ensures that the 
surface remained unchanged during subsequent scans. 
To determine the CO coverages, θCO, both from CO-saturated electrolyte and HCOOH, 
electrooxidative CO stripping experiments were preformed separately from the previously 
outlined experiments in a clean three electrode electrochemical cell. The CO was adsorbed onto 
the surface, either by dosing the sulfuric acid electrolyte with CO(g) or from 0.1 M HCOOH 
solution, at a constant potential for ten minutes. Stripping cyclic voltammograms were 
performed in argon-purged clean electrolyte. θCO is calculated by integrating the area under the 
stripping peak, and the contribution due to anion adsorption is subtracted from these values. 
The anion contribution is calculated by integrating the charge displacement peak of sulfate by 
CO with the electrode in the meniscus configuration during the chronoamperometric scan at the 
studied potential. Three consecutive CV scans were then performed at 50 mV/s in place of the 
fast-scan CVs at 10 V/s. 
 
2.4 Results and Discussion 
2.4.1 Chronoamperometry (CA) and Formic Acid Current Decays on Pt(100). During the CA 
step the amount of adsorbates at the electrode surface as the formic acid fuel oxidizes is based 
upon the potential held. The observed current is dependant on the activity of the electrode 
surface towards the formic acid oxidation reaction. Under the triple pathway mechanism for 
formic acid oxidation, weakly adsorbed formic acid can oxidize through two adsorbed 
intermediates—carbon monoxide or formate.31,32  At potentials below 0.4 V vs. RHE, the indirect 
pathway dominates and the poisoning intermediate COads passivates the surface, preventing 
adsorption of any other species. As the potential nears 0.4 V, weakly adsorbed CO begins to 
oxidize to CO2, freeing some Pt sites. It is at these potentials that the formate pathway and 
indirect pathway occur simultaneously, as confirmed by the observation of formate using 
surface-enhanced IR absorption (SEIRA)28,30 and infrared absorption reflection spectroscopy 
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measurements in an attenuated total reflection configuration (ATR-FTIRS).31 Only following the 
oxidation of adsorbed CO does the electrode surface becomes active and more efficiently 
oxidizes formic acid to CO2. 
As the electrode surface is poisoned by CO during the oxidation reaction, it is critical to 
understand the conditions at which the electrode is most active. Differences in the activity of 
platinum single crystals have been observed for hydrogen evolution and hydrogen oxidation 
(HER/HOR)39-42 and for oxygen reduction reactions (ORR).18 Here, surface structure and 
electrolyte effects between the three platinum electrodes were observed using a combination of 
CA and fast scan CV techniques33,43 during the formic acid oxidation reaction. Using these 
techniques, the extent of CO accumulation on the electrode adsorbed from the formic acid 
oxidation reaction was able to be controlled during the CA step. During the chronoamperometric 
step, CO was accumulated on the electrode surface to varying extents by systematically varying 
the electrode potential and reaction time. The CA data may be sampled at various time intervals 
to provide current densities of interest in the time frame between 0.2 and 1s to account for the 
initial double-layer charging and prior to CO poisoning at longer times, respectively.33,44 Longer 
CA durations were employed to investigate the effect COads has on the rate of HCOOH 
oxidation.   
Current-time transients for formic acid oxidation (CA time = 500 seconds) are shown in 
Figure 2.3 in both sulfuric (Figure 2.3a) and perchloric (Figure 2.3b) acid electrolytes. Similar 
trends were observed for 1000 second scans (data not shown), suggesting that a 500 second 
CA step is ample to observe complete HCOOH oxidation under these conditions. We observed 
that the current density decays very quickly from the onset of the CA scan at 0.4 V and below. 
Additionally, steady state was reached in approximately 50 seconds for voltages below 0.4 V 
and approximately 200 seconds for 0.4 V for both electrolytes. In light of the triple pathway 
mechanism, the trends in CA currents were consistent with the reaction pathway voltages. As 
the CA voltage was below 0.4 V, the steady state current density is near 0 μA cm-2 indicating 
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that the surface was passivated with COads. However, at 0.4 V, the rate at which the current 
decays to achieve steady state was slowed, and at adsorption potentials above 0.4 V, the 
activity of the surface increased, suggesting that the reaction is occurring through a different 
adsorbed intermediate than COads. It is interesting to note that little difference was noticed 
between the two electrolytes during the CA step, demonstrating that under these 
electrochemical conditions, the surface behaves similarly when passivated by CO, even when 
the adsorption strengths of the anions in the supporting electrolyte vary.  
To compare the activities of the three surfaces studied in sulfuric acid electrolyte, 
experimental current densities were evaluated at a range of CA reaction times (Figure 2.4). Both 
graphs show a volcano-type behavior for all three surfaces at both short and long reaction times. 
However, differences were observed between the surface structures for the sampled reaction 
times, which can be attributed solely to the catalytic activity of the electrode. Prior to the 
chronoamperometric step, the surface is free of adsorbates and oxides such that the observed 
surface activity is experimentally valid. However, due to double layer charging at the initial 
phases of the chronoamperometric step, the sampled current density at zero seconds is not 
reliable.33 For these studies, a reaction time of 0.4 seconds was used to observe the current 
density when the double layer charging is negligible but prior to a large amount of CO 
accumulation can occur on the surface. At a reaction time of 0.4 seconds, all three platinum 
surfaces had similar current densities below 0.30 V (Figure 2.4a). The current density for all 
three surfaces was observed to increase as the reaction voltage was increased with Pt(100) 
exhibiting the highest activity at 0.55 V. Although lower than the current density of Pt(100) at this 
reaction time, Pt(111) also achieves a maximal current density at 0.55 V. However, 
polycrystalline platinum exhibits little difference in surface structure activity at voltages between 
0.50 V and 0.70 V. At longer reaction times (500 and 1000 seconds - Figure 2.4b), the platinum 
surfaces are saturated with CO, and the current has reached a steady state. At these times, the 
current densities of Pt(100) and polycrystalline platinum were greatly decreased, while the 
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activity of Pt(111) was only minimally diminished over the entire potential range. This decrease 
in current density is likely due to the increased poisoning of the Pt(100) and polycrystalline 
platinum surfaces by COad and other adsorbates at longer reaction times over Pt(111), 
supporting the notion that Pt(111) is more resilient to CO poisoning than Pt(100) and 
polycrystalline platinum.45 From this data, we can conclude that the Pt(100) surface is most 
active at short durations before CO adsorption dominates, while the Pt(111) surface remains the 
most active surface for at longer reaction times.  
Polarization curves for Pt(100) at 0.4 seconds (Figure 2.5a) and 500 seconds (Figure 
2.5b) during the HCOOH oxidation reaction in both 0.1 M H2SO4 (black squares) and 0.1 M 
HClO4 (red circles) show negligible deviation across the two electrolytes, except at low 
potentials for the 500 second data (Figure 2.5b). As the production of CO increases at longer 
reaction times, the strength of the electrolyte plays an enhanced role in the adsorption of the 
poisoning species, CO, especially in potential range prior to the onset of CO oxidation. As little 
difference is seen between the two electrolytes in the linear, or Tafel, region, Tafel slopes were 
calculated in perchloric acid (Figure 2.6). From the Butler-Volmer equation, which relates the 
rate of reaction to the electrode potential:   
⎥⎦
⎤⎢⎣
⎡ −= −−−− )()1()(0
00
),0(),0(
EE
RT
F
R
EE
RT
F
O etCetCFAki
αα
            (2.1) 
where i is the current, F is the Faraday constant, k0 is the heterogeneous rate constant, α is the 
transfer coefficient of the reaction, A is the area of the electrode, and CO and CR are the 
concentrations of the reactants O and R, respectively, one can derive the Tafel equation:  
)log(iba +=η      (2.2) 
where η is the overpotential. In a plot of log(i) vs. overpotential, or the Tafel plot, the slope of the 
linear region in mV per decade can be used to determine the number of electrons 
transferred.44,46  
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A slope of 120 mV / decade corresponds to a one electron transfer and 60 mV / decade 
to a two electron transfer process. In the Tafel plot (Figure 2.6), currents deviate from linear 
behavior at potentials above 0.6 V. As these currents are controlled by the kinetics across the 
whole potential range, this deviation, as well as the Tafel slopes, suggests that other processes 
are occurring at the electrode surface. At short CA times, the Tafel slope was 112 mV / decade, 
which is near the predicted value for a single electron transfer process. However, these times 
produced the highest current density and a two electron transfer process would be expected 
based on the direct formic acid oxidation pathway. At longer times, the Tafel slopes were 
calculated to be near 70 mV / decade, suggesting a two electron transfer process. These values 
are determined by the linear region of the graph (0.35 to 0.6 V), where electron transfer may 
arise from more than one process. 
Recent studies by Samjeske and Osawa suggest that the extent of CO and formate 
adsorption is potential dependent, and one adsorbate interferes with the adsorption of the 
other.30 At low potentials, the decay was dominated by the poisoning of the surface by COad. 
However, at higher electrode potentials, the surface adsorption sites are no longer occupied by 
COad and are instead occupied by other species from the solution, such as formate, as was 
determined with SEIRAS by Samjeske and Osawa.29,30 In the supporting electrolyte solutions, 
the onset of -OH adsorption was 0.5 V. At potentials higher than 0.6 V, formic acid molecules 
and the formate intermediate compete with OH for active sites resulting in observed currents 
lower than would be expected in the absence of competitive adsorption of -OH or other species.   
2.4.2 Fast Scan Cyclic Voltammetry (CV) and CO Stripping Charges. Using fast scan CV 
paired with chronoamperometry allows for the methodical observation of the extent of CO 
adsorption on the surface under varying electrochemical parameters. Analysis of the fast-scan 
CV reveals two main features: a large peak around 1.0 V corresponding to CO oxidation to CO2 
(the CO stripping scan) and further oxidation of HCOOH during both cathodic and anodic 
sweeps at 0.43 V (Figure 2.7). The anodic peak around 1.0 V corresponds to the oxidation of 
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the surface CO to CO2, as this peak was not present in subsequent scans. The charge of this 
peak may be calculated by subtracting the second scan from the peak current of the initial scan 
and integrating the area under the curve. The resulting charge, referred to as QCV, includes the 
surface adsorbed CO and is dependant on both reaction time and potential. At long CA reaction 
times, CO coverage reaches a maximum as previously discussed, and the resulting charge area 
should also be maximized. A comparison of the CV charge areas for all three platinum surfaces 
studied is illustrated in Figure 2.8, as a function of reaction potential, and are not corrected for 
the anionic charge due to bisulfate but are shown only for comparison purposes. Pt(100) was 
found to exhibit the largest QCV of the three surfaces. In the search for an improved catalyst in 
formic acid, in-depth studies of reaction times for polycrystalline platinum were not performed 
due to the lower surface activity of this surface as compared to the single crystals studied. 
 While further examining the cyclic voltammograms in formic acid, the integrated charge 
cannot solely be contributed to CO adsorbed to the surface, unlike in methanol.38 In formic acid, 
a contribution to the CO stripping charge area exists from the solution (note the cathodic peak at 
0.4 V for Pt(100) in Figure 2.7). In order to account for the other adsorbed species from the 
solution, an alternative experimental method must be used. In these experiments, formic acid 
was added to the chronoamperometric step, but the stripping CV was performed in clean 
sulfuric acid following a rapid solution exchange. The resulting CO stripping peak corresponds 
to only the adsorbed CO and supporting electrolyte, which may be calculated and corrected for. 
For all CA times studied, Pt(111) exhibited the largest charge area at 0.25 V with similar results 
at 0.20 V, while maximal charge for Pt(100) was at 0.30 V, which corresponds to the reaction 
potential at which the surface undergoes the largest amount of poisoning.  
At potentials below 0.5 V, the HClO4 solution afforded more rapid CO adsorption and 
consequent blocking of active sites than H2SO4 as indicated by plot of QCV for Pt(100) in  0.1 M 
H2SO4 and 0.1 M HClO4 (Figure 2.9). This data would suggest that at lower potentials, 
competition with the electrolyte anion is more pronounced in H2SO4 than in HClO4 due to a 
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reduction in CO coverage, caused by co-adsorption between sulfate and CO. HCOOH oxidation 
on the Pt(100) surface in both electrolyte solutions suffers from extensive CO poisoning at 
potentials below 0.6 V. 
 
2.5 Conclusions 
From these studies, significant kinetic differences for the oxidation of formic acid on 
Pt(100) were observed in comparison to Pt(111) and polycrystalline platinum. The amount of 
CO accumulated on the electrode surface was found to be dependant upon potential, reaction 
time, and surface structure. It has been shown that at short durations, the Pt(100) single crystal 
surface is more active in the formic acid oxidation reaction than the Pt(111) and polycrystalline 
surfaces between 0.4 and 0.55 V, while the inverse is true at longer durations. In terms of 
overall activity of Pt(100) in various acidic media, only a minimal difference was observed 
between the 0.1 M H2SO4 and 0.1 M HClO4 supporting electrolyte solutions. By combining 
chronoamperometry and cyclic voltammetry, comparisons between the three platinum surfaces 
were able to highlight a difference in the quantity of adsorbed, surface-poisoning CO on the 
electrode surfaces. Based on the data from CO stripping CVs, maximal CO coverage for 
Pt(111) occurred at ~0.25 V and ~0.30 V for Pt(100) while polycrystalline platinum showed fairly 
consistent maximal coverage in the voltage range of 0.20 V to 0.45 V. Although these 
electrochemical studies offer interesting information about the oxidation of formic acid and 
details into adsorption features upon the surface, the need for spectroscopic methods to fully 
examine these variations is essential and will be addressed in future chapters.   
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 2.7 Figures 
 
0.2 0.4 0.6 0.8
-150
-100
-50
0
50
100
150
200
0.2 0.4 0.6 0.8
-100
-50
0
50
100
j /
 μ
A
 c
m
 -2
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
-120
-80
-40
0
40
80
120
E / V vs. RHE
a)
b)
c)
j /
 μ
A
 c
m
 -2
j /
 μ
A
 c
m
 -2
j /
 μ
A
 c
m
 -2
 
Figure 2.1. Cyclic Voltammograms of a) Pt(100), b) Pt(111), and c) polycrystalline Pt in 0.1 M H2SO4 in the 
meniscus configuration.  Scan rate was 50 mV/s.  
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Figure 2.2. Cyclic voltammograms of the annealed Pt(100) surface in the meniscus configuration in 0.1 M H2SO4 
(black line) and 0.1 M HClO4 (red line). Scan rates were 50 mV/s. 
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 Figure 2.3. Chronoamperograms of HCOOH activity at 500 seconds for Pt(100) in 0.1 M HCOOH solution in a) 0.1 
M H2SO4 and b) 0.1 M HClO4.  
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Figure 2.4. Crystal activities as a function of potential for Pt(100) (black squares), Pt(111) (red circles), and polycrystalline platinum (blue triangles) in 0.1 M 
HCOOH + 0.1 M H2SO4. Current densities sampled from chronoamperograms at times of a) 0.4 seconds and b) 1000 seconds. 
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Figure 2.5. Polarization curves for Pt(100) sampled at a) 0.4 seconds and b) 500 seconds for 0.1 M HCOOH + 0.1 M H2SO4 (black squares) and 0.1 M HClO4 
(red circles). 
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Figure 2.6. Tafel plots for Pt(100) in 0.1 M HCOOH + 0.1 M HClO4 sampled at 0.4 s (black squares), 500 s (red 
circles) and 1000 s (blue triangles). Tafel slopes were determined based upon the linear part of the curve for each 
sampled time and are ~70 mV / decade for current densities sampled at 1000 seconds, ~75 mV / decade for 500 
seconds, and ~112 mV / decade for 0.4 seconds. 
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Figure 2.7. Fast scan cyclic voltammogram in 0.1 M HCOOH + 0.1 M H2SO4. CA adsorption potential was 0.4 V 
vs. RHE, and the CV scan rate was 10 V / s. 
 
 
 
 
 
 
 
 51
  
0.1 0.2 0.3 0.4 0.5 0.6 0.7
0
50
100
150
200
250
300
350
Q
 C
V 
/ μ
C
 c
m
-2
E / V vs RHE
 Pt (100)
 Pt (111)
 Pt (poly)
Figure 2.8. Comparison of charge area variation between crystal surfaces in 0.1 M HCOOH + 0.1 M HClO4, as a 
function of CA adsorption potential (CA = 1000 s). 
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Figure 2.9. Plot of QCV as a function of time at the electrode potentials studied in 0.1 M HCOOH 
+ 0.1 M electrolyte on Pt(100). The black squares represent 0.1 M H2SO4 and the red circles 0.1 
M HClO4. 
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CHAPTER 3 
CO POISONING OF PT(110) SURFACE BY THE ELECTROOXIDATION OF FORMIC ACID 
 
3.1 Notes and Acknowledgments.  
This chapter arises from unpublished work of the continuation of formic acid oxidation on 
another platinum single crystal surface, Pt(110). When compared to the previous work with 
Pt(111) and Pt(100), there was also a surface structure dependence on the oxidation of formic 
acid on this single crystal surface. In this study, the oxidation reaction was explored solely in 
perchloric acid. 
The author would like to acknowledge Helen Gibson, who was an undergraduate that 
worked with me, for her work on the formic acid oxidation reaction on Pt(110). I would also like 
to recognize the Army Research Office for funding through the MURI grant (DAAD19-03-1-
0169) for fuel-cell research to Case Western Reserve University. 
 
3.2 Introduction 
The electrooxidation of small organic molecules,1,2 including formic acid,2-6 often involves 
the production of CO which has a strong poisoning effect on platinum surfaces7 and is of 
importance to fuel cell catalysis and related fields. Although platinum is easily poisoned by CO, 
it remains the most active electrocatalyst for the electrooxidation of formic acid (HCOOH).1,2,5  
The use of formic acid serves as a model reaction for the oxidation of a simple organic molecule 
in a fuel cell3 and has been demonstrated as a viable fuel in micro fuel cells.8  
Surface structure effects have been observed across the various single crystal 
structures of platinum in both clean electrolyte9 and during the electrochemical oxidation of 
formic acid.10-14 The physical differences across the single crystal electrode surface arising from 
the arrangement of the Pt atoms in the exposed crystal lattice surface allows for studies of the 
role kinks, steps, and defects in the electrode surface play in electrooxidation reactions.  
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According to LEED measurements, a clean Pt(110) surface has a (1x2) structure15,16 in 
which the surface appears to have a ‘missing row’ of Pt atoms. Under various conditions, 
Pt(110) can undergo phase transitions to a metastable (1x1) structure in addition to other 
surface structures including (1x3), (1x5), and (1x7) transitions.15 These reconstructions can 
occur during electrochemical experiments and are influenced by the electrolyte,17 which 
increases the difficulty in the handling of this surface structure. However, when surfaces contain 
a kink or a step site, the activation energy of an electron transfer reaction is generally lower than 
uniform surfaces due to additional exposed active sites. Experimentally, Sun and Yang 
observed this phenomenon and concluded that well-ordered Pt(110) is the most active Pt crystal 
surface structure towards HCOOH oxidation, as it has the lowest activation energy (ΔH≠°) 
amongst the platinum single crystals studied—Pt(100), Pt(110), Pt(111), Pt(510) and Pt(911).13 
Unfortunately, the Pt(110) surface still is poisoned by CO that arises as a result of the indirect, 
or poisoning, pathway during HCOOH oxidation.  
To increase the catalytic efficiency of Pt with regards to HCOOH oxidation, it is desirable 
to avoid the indirect pathway, as adsorption of COads decreases the amount of active sites on 
the electrode. In this study, the adsorption and effects of COads on the Pt(110) surface are 
studied in order to characterize the active surface sites and the effects of CO blocking these 
surfaces. To better understand the variation across single crystal structures and the activity of 
Pt(110) towards formic acid oxidation, we studied the Pt(110) single crystal surface in perchloric 
acid and formic acid with the use of chronoamperometry (CA) and fast-scan cyclic voltammetry 
(CV), as an expansion to our previous studies on the other low index single crystal surfaces of 
Pt(111) and Pt(100).  
 
3.3 Experimental 
3.3.1 Platinum single crystal. The working electrode was a 3 mm platinum bead that was cut 
and polished in the (110) orientation. Prior to analysis, the single crystal electrode was annealed 
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for several seconds in a hydrogen/air flame, cooled in an argon and hydrogen environment, and 
protected by a drop of ultrapure water for transfer to the electrochemical cell.18 After annealing 
the single crystal, a series of 5 cyclic voltammograms (at 50 mV s-1) were performed in clean 
perchloric acid solution to test the electrode surface (Figure 3.1) and are consistent with 
previously reported results.9 As is seen in Figure 3.1, a decrease in surface area occurred with 
multiple scans, even in clean electrolyte, possibly caused by a slight disordering of the crystal 
surface. Upon further scanning, the surface changed less drastically, so the fifth scan was used 
to characterize the surface after annealing. The surface charge area was calculated by 
integrating the background CV in perchloric acid to determine the active electrode surface 
area19 and was calculated to be 0.0404 cm2 ± 0.0067.  
3.3.2 Chemicals and Other Experimental Conditions. Ultra high purity Ar and H2 gasses (SJ 
Smith), and chemicals including HCOOH, HClO4, and H2SO4 (GFS, double distilled from Vycor) 
were used throughout the experiments. All solutions were prepared with ultrapure water 
(Millipore Milli-Q water, 18.2 MΩ cm-1, ~3 ppb TOC) in acid-cleaned glassware and deaerated 
with Ar before measurement. All experiments were performed at room temperature (25±3°C). 
3.3.3 Electrochemical Methods. Combined CA and CV analyses were performed in a formic 
acid solution (0.1 M HCOOH in 0.1 M HClO4) in a three electrode electrochemical cell with a 
platinum wire counter electrode and an Ag/AgCl (BAS, [Cl-] = 3 M) reference electrode. All 
reported values are versus RHE. Electrochemical measurements were obtained using a 
computer-controlled potentiostat (Eco Chemie, Autolab PGSTAT 30 with GPES software).  
The CA/CV program20-22 consists of three processes including cleaning potential 
presteps to ensure surface cleanliness and experimental reproducibility, followed by a 
chronoamperometric step at a set potential and reaction time, and finally a fast scan CV without 
breaking potential control during the course of the experiment. The chronoamperometric step is 
performed immediately after the cleaning cycle and controls the extent of the formic acid 
oxidation reaction on a clean electrode, which allows for the monitoring of surface reactivity 
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during surface adsorbate accumulation. Following CA deposition, three fast scan CVs were 
performed in the meniscus configuration, where the first scan strips the adsorbates, namely 
COads, from the surface. The second scan enables the COads to be quantitatively measured by 
integrating the stripping area between the first and second scans while the third scan ensures 
that the surface remained unchanged during subsequent scans (Figure 3.2). 
 
3.4 Results and Discussion 
3.4.1 Chronoamperometry (CA) and Formic Acid Current Decays on Pt(110). Similar to 
previous work with Pt(111) and Pt(100) single crystals and polycrystalline platinum,20 
chronoamperometry was used in conjunction with fast scan CV to analyze surface adsorbates 
from the electrooxidation reaction of formic acid on Pt(110). During the CA step, the formic acid 
fuel was oxidized, and the quantity of adsorbates on the electrode surface may be controlled by 
the adsorption time and potential held. The observed current was indicative of the activity of the 
electrode surface towards the formic acid oxidation reaction and provides an insight into the 
electrochemical conditions required to optimize the oxidation of formic acid by the Pt surface. By 
varying the CA time and potential, the extent of CO accumulation at the electrode surface may 
be monitored to give insight into reaction kinetics of formic acid oxidation at Pt(110) and allow 
comparisons to previously studied single crystal Pt electrodes. 
 To maximize CO poisoning at the Pt(110) surface, CA scans of 1000 seconds were 
performed at several potentials from 0.2 to 0.7 V vs. RHE (Figure 3.3). Similar to the previous 
work on Pt(100), at these long CA times, the current density on the Pt(110) surface changed 
with adsorption potential. At potentials below 0.4 V vs. RHE, the indirect pathway dominated 
and the poisoning intermediate COads quickly passivated the surface, preventing adsorption of 
any other species. As the potential neared 0.4 V, an increase in current density was observed, 
as weakly adsorbed CO began to oxidize to CO2 which freed some active sites. As the 
adsorption potential was increased above 0.4 V, the current density continued to increase, as 
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adsorbed CO was no longer stable on the surface, allowing for the continued oxidation of 
HCOOH to CO2.  
Two differences were observed for the Pt(110) surface in comparison to the Pt(100) CA 
data in perchloric acid. At potentials of 0.6 V and 0.7 V, two intersection points were present 
around 100 and 950 seconds(Figure 3.3). This intersection in the current densities at higher 
potentials was also noted for Pt(100) in the sulfuric electrolyte but not perchloric (data not 
shown). The 0.6 V chronoamperogram appeared to decay at a slightly faster rate than at the 
scan at 0.7 V and did not achieve steady state, even at 1000 seconds. At these potentials, the 
formate pathway would be the dominant pathway,23 and adsorbed formate would be an active 
intermediate. However, the crossover of the spectra at these two potentials may indicate a 
change in the coverage of the formate species, and the slight changes in current density could 
be due to repulsive interactions on the surface due to increasing surface adsorbate coverage.24   
 Similar to the formic acid oxidation studies for Pt(100), the surface activity may also be 
monitored by sampling the CA data at various time intervals. Current densities for formic acid 
oxidation in perchloric acid for the three platinum single crystals studied—Pt(111), Pt(100) and 
Pt(110) are shown in Figure 3.4. CA data are shown at 0.4 seconds to account for the initial 
double-layer charging and before a large amount of CO had accumulated on the surface20,25 
(Figure 3.4a) and at 1000 seconds to investigate CO poisoning at longer times (Figure 3.4b). At 
these sampled reaction times, distinct differences were observed between the surface 
structures, which may be attributed solely to the catalytic activity of the electrode. 
At a reaction time of 0.4 seconds, all three studied single crystal platinum surfaces had 
similar current densities below 0.35 V (Figure 3.4a). As the reaction voltage increased, both 
Pt(111) and Pt(100) exhibit volcano-type behavior as they achieve a maximum current density 
at 0.55 V for Pt(100) and 0.6 V for Pt(111) respectively. However, at potentials above 0.4 V, 
Pt(110) exhibited an almost linear increase in activity, demonstrating its ability to efficiently 
oxidize HCOOH very rapidly. At longer reaction times (1000 seconds-shown in Figure 3.4b), the 
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activity of the three platinum single crystal surfaces was notably decreased. At potentials below 
0.4 V, the surfaces saturate with CO, and little activity remained for any of the platinum 
electrodes. Similar to the formic acid studies in sulfuric acid, the activity of Pt(111) is only 
minimally diminished over the entire potential range further demonstrating that Pt(111) is more 
resilient to CO poisoning than Pt(100)26,27 and Pt(110).27 Under the examined conditions, both 
Pt(100) and Pt(110) surfaces are highly active at short durations before CO adsorption 
dominates, while the Pt(111) surface remains the most active surface for over longer CA 
durations.  
Using the chronoamperometric data, Tafel slopes were calculated for Pt(110) with formic 
acid in perchloric acid (Figure 3.5). For the chronoamperometric data sets of 0.4, 500 and 1000 
seconds, currents deviate from Tafel (linear) behavior at potentials above 0.5 V. The slope of 
the 0.4 second data was calculated to be approximately 230 mV / decade. This value is 
unreasonably high and corresponds to high overpotentials due to a large ohmic drop, which 
were not properly corrected for. However, the Tafel slopes for the 500 seconds and 1000 
seconds data are similar, as is expected, and are around 50 mV / decade, which is much more 
reasonable value and corresponds to a two electron transfer process. However, in the potential 
ranges of 0.3 to 0.5 V, where the Tafel plot is linear, the direct HCOOH oxidation pathway does 
not appear to be the dominant pathway for the electroxidation of formic acid. Instead, both the 
direct formate pathway and the indirect pathway are active at these potentials. Both pathways 
are one electron processes as is reflected in the calculated Tafel slope.  
3.4.2 Fast Scan Cyclic Voltammetry (CV) and CO Stripping Charges. After the CA step, 
three fast scan CVs were preformed to measure the amount of CO adsorbed to the electrode 
during chronoamperometry. A fast scan CV after a CA adsorption potential of 0.4 V is shown in 
Figure 3.3. In the first scan, the anodic peak around 1.0 V corresponds to oxidation of the 
surface CO to CO2, as it was not present during subsequent scans. The charge of this peak 
may be calculated by subtracting the second scan from the peak current of the initial scan and 
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integrating the area under the curve. As perchlorate is not a strongly adsorbing anion, the 
charge calculated, QCV, may be solely attributed to the charge due to adsorbed CO. QCV was 
calculated for CA adsorption times of 10, 50, 100, 200, 500, and 1000 seconds and is shown in 
Figure 3.6 as a function of adsorption time. Even at short adsorption times, the charge due to 
COads remains fairly constant at all potentials studied, indicating the uniformity of CO poisoning 
of the Pt electrodes including Pt(110). When comparing the QCV of Pt(110) in perchloric acid to 
the previous work of the other platinum surfaces studied in sulfuric acid, even though the 
Pt(110) surface was quickly poisoned, its QCV value was lower than the other platinum single 
crystal surfaces studied and more closely resembles the QCV of polycrystalline platinum. Studies 
by Capon et al. confirm that the oxidation of HCOOH on a clean platinum electrode is a very fast 
reaction,3,4,13 as is the poisoning of the electrode due to COads. Studies of HCOOH oxidation at 
open circuit potential have previously shown that saturation of the surface by adsorbates 
occurred in approximately 30 seconds,4 which is also supported by the data shown in Figure 
3.6. 
 
3.5 Conclusions 
 From these studies, it is evident from the CA and fast scan CV data that Pt(110) is 
susceptible to CO poisoning from the electrooxidation of HCOOH at low potentials. At CA 
adsorption potentials below 0.4 V vs. RHE, very little current density was observed indicating 
that the surface was not active towards HCOOH oxidation. At potentials above 0.4 V, some 
current density was regained as weakly adsorbed CO began to oxidize and free platinum sites 
for HCOOH oxidation. QCV data show that the surface was poisoned rapidly by CO, as was seen 
for all potentials, but the Pt(110) surface was not as readily poisoned as Pt(111) and Pt(100). 
Regarding the surface activities of the single crystal Pt surfaces, we observed significant 
kinetic differences for the oxidation of formic acid on Pt(110) in perchloric acid compared to 
Pt(111) and Pt(100). At short durations (0.4 seconds) and high potentials, the Pt(110) single 
 60
crystal surface increases in activity toward the oxidation of formic acid, as compared to Pt (111) 
and Pt(100) which exhibit volcano type behavior while at longer adsorption times, Pt(111) 
continues to be the most active surface towards HCOOH oxidation.  
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 3.7 Figures 
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Figure 3.1. Cyclic Voltammograms of Pt(110) 0.1 M HClO4 in the meniscus configuration. Scans were 
subsequential at a scan rate of 50 mV/s.  
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Figure 3.2. Fast scan cyclic voltammogram in 0.1 M HCOOH + 0.1 M HClO4. CA adsorption potential was 0.4 V 
vs. RHE, and the CV scan rate was 10 V / s. 
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Figure 3.3. Chronoamperograms of HCOOH activity at 1000 seconds for Pt(110) in 0.1 M HCOOH +  0.1 M 
HClO4.  
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Figure 3.4. Crystal activities as a function of potential for Pt(111) (black squares), Pt(100) (red circles), and Pt(110) (blue triangles) in 0.1 M HCOOH + 0.1 M 
HClO4. Current densities sampled from chronoamperograms at times of a) 0.4 seconds and b) 1000 seconds. 
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Figure 3.5. Tafel plots for Pt(110) in 0.1 M HCOOH + 0.1 M HClO4 sampled at 0.4 s (black squares), 500 s (red 
circles) and 1000 s (blue triangles). Tafel slopes were determined based upon the linear part of the curve for each 
sampled time and are ~50 mV / decade for current densities sampled at 500 and 1000 seconds, and ~230 mV / 
decade for 0.4 seconds. 
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Figure 3.6. Plot of QCV calculated from the fast scan CVs as a function of time for the potentials studied in 0.1 M 
HCOOH + 0.1 M HClO4 on Pt(110). 
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CHAPTER 4 
BROAD-BAND SUM FREQUENCY GENERATION STUDIES OF 
SURFACE INTERMEDIATES INVOLVED IN FUEL CELL ELECTROCATALYSIS 
 
4.1 Notes and Acknowledgements 
This chapter is adapted from a book chapter that was included in the book Fuel Cell 
Catalysis: A Surface Science Approach in 2009 edited by Marc Koper and is used here with 
permission.1 This chapter encompasses the use of the use of broad-band sum frequency 
generation spectroscopy (BB-SFG) for the study of electrochemical interfaces and aims to 
produce a general overview of the technique and instrumentation that are used for the data 
presented elsewhere in this dissertation. In this chapter, principles of the BB-SFG method are 
summarized and the use of BB-SFG-TLE is demonstrated using several examples: CO 
adsorption and oxidation on polycrystalline Pt and nanoparticle Pt, CO phase transitions on 
Pt(111), decomposition of methanol on a polycrystalline Pt electrode, decomposition of formic 
acid on Pt(111), and CO oxidative chemistry on Pt(111)/Ru. 
This chapter is a result of the work of several people in addition to me, and I would like 
to acknowledge those who have made contributions. I would like to thank Dr. G.-Q. Lu, and Dr. 
Tomo Takeshita for their help and guidance with the BB-SFG projects, as they were both my 
mentors when I first began the BB-SFG project. Dr. Lu and Dr. Alexei Lagutchev both of whom 
spent multiple hours in the BB-SFG lab, as is evident by their previously published work on the 
electrochemical oxidation of CO on a platinum electrode and adsorbate phase transition 
kinetics. Dr. Lu, Dr. Takeshita, and Dr. Lagutchev also had finished the methanol oxidation 
project prior to my joining the BB-SFG project. I would also like to especially thank Dr. 
Lagutchev for his patience with my many questions and his helpful explanations. Without the 
knowledge and guidance of Professors Dana D. Dlott and Andrzej Wieckowski this project and 
chapter would not be possible, nor would the understanding that has come as a result of this 
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work. This research is based on work supported by the Army Research Office for funding 
through a MURI grant (DAAD19-03-1-0169) for fuel-cell research to Case Western Reserve 
University and by the National Science Foundation under grant NSF CHE06-51083 (to AW). 
This research is also based upon support by the Army Research Office under contract 
W911NF-05-1-0345 and the Air Force Office of Scientific Research under contract FA9550-06-
1-0235 (to DDD). 
 
4.2 Introduction  
In this chapter we discuss the use of broad-band multiplex vibrational sum-frequency 
generation (BB-SFG) spectroscopy to study electrochemical interfaces.2,3 In all vibrational SFG 
techniques, visible and vibrational infrared (IR) pulses are incident simultaneously on the 
sample of interest, and a coherent sum-frequency signal in the visible range is produced 
(Figures 4.1-4.3). In broad-band multiplex SFG, as opposed to conventional (first-generation) 
SFG, where spectra are obtained point-by-point, the entire spectral range spanned by the IR 
pulse spectrum is probed simultaneously. As shown in Figure 4.1, in SFG attenuation of the 
infrared beam by the electrolyte is less of a concern than in IRAS, since the infrared beam need 
not double-pass the electrolyte in SFG. SFG is a well-known spectroscopic technique 4-6 and the 
subject of several reviews.7-12 There have been a few works prior to our studies where the first-
generation SFG has been applied to electrochemical interfaces.5,13-18 This chapter is focused on 
the use of BB-SFG to study electrochemical interfaces.   
An SFG signal exhibits characteristic features at frequencies of molecular vibrational 
resonances similar to the vibrational fingerprints of conventional IR spectroscopy.4 SFG helps 
solve the two biggest problems of surface molecular spectroscopy: sensitivity and selectivity. 
Sensitivity results from the nonlinear coherent nature. The signal is proportional to the product 
of IR and visible intensities at the surface, which is huge with focused femtosecond (fs) pulses.19 
The signal is emitted coherently so almost all SFG photons are collected and detected by high 
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sensitivity detectors. Selectivity for surfaces or interfaces results from the symmetry properties 
of the χ(2) tensor, which in the dipole approximation vanishes in centrosymmetric media.4,20 
Despite the low number density of interfacial molecules, the combination of intense 
femtosecond pulses (typically 10 GW/cm2), coherence, and the high sensitivity of CCD 
detectors to the visible sum-frequency photons generates excellent signals from many 
interfacial species.  
Figures 4.1-4.3 show that the spectroelectrochemical cell is basically a thin layer 
electrochemistry cell (TLE) with a solution gap of 25 μm.21 The metal working electrode may be 
polycrystalline or a single crystal. Emptying the gap out of the adsorbate molecules due to 
molecules’ oxidation, and refilling via molecular diffusion to the cell interior (via the channels 
shown in Figure 4.2) can occur without changing the electrode/optical window configuration. As 
the working electrode is supported by a spacer, the solution gap is uniform. Therefore, the 
electrode may be cycled at a scan rate (up to 5 mV/s) producing the state of the art, ohmic drop 
free voltammetric data, characteristic of the average properties of the full surface. During the 
scan, surface is investigated by BB-SFG providing the vibrational – electrochemistry 
characteristics, as already reported.2,3 
In the earliest SFG experiments,8,13,22,23 the first-generation data acquisition method was 
used, and due to the limited signal-to-noise ratios, infrared attenuation by the electrolyte solution 
was a substantial handicap. So in earlier SFG studies, as in IRAS studies, measurements were 
performed with the electrode pressed directly against the optical window.17,24,25 With the in-
contact geometry, the electrolyte was a thin film of uncertain and variable depth, probably on the 
order of 1 μm. However, the thin non-uniform electrolyte layers can strongly distort the 
potential/coverage relationship and hinder the ability to study fast kinetics.   
In our first BB-SFG experiments,2,3 we used a second-generation SFG spectrometer 
based on the scheme developed by Richter et al.26 More recently we have developed a compact 
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new apparatus which features greatly enhanced user functionality and improved signal-to-noise 
ratios (the third-generation SFG, Figure 4.3). Since the original apparatus has been described in 
detail previously,2,3 the Experimental section here will focus on the new apparatus. The 
combination of BB-SFG with a TLE cell having a known controlled electrolyte gap might seem, 
at first glance, to be a mere technical improvement, but in actuality it represents a major 
advance,18 as demonstrated in our recent publications.2,3 The SFG apparatus can obtain 
spectra in 200 ms or less, with a signal-to-noise >100:1. The thin electrolyte film and rapid 
spectral acquisition rate minimize the possibilities for chemical contamination. They also enable 
a variety of investigations involving measurements of chemical kinetics on millisecond time 
scales commensurate with rates of surface poisoning in fuel cell electrocatalysis. 
 
4.3 Experimental 
All experiments were carried out at ambient temperature (21 ± 2 °C). Potentials were 
measured against a commercial Ag/AgCl electrode (BAS), and are reported versus this 
reference scale. To date, we have investigated the following samples: a smooth polycrystalline 
Pt disk, a platinum single crystal of 6 mm in diameter cut along (111) and (100) orientations, and 
a smooth polycrystalline Au disk with immobilized Pt nanoparticles (ca. 6 nm). The single crystal 
was prepared by annealing in hydrogen/air flame, cooling in Ar/H2 atmosphere and in ultrapure 
water.27 The spontaneous deposition of ruthenium on Pt(111) was carried out from solutions of 
1 mM of RuCl3 in 0.1 M of HClO4 in a preparative electrochemical cell.28-31 After ruthenium 
deposition, the electrode was removed from the cell, rinsed with Millipore water, and stabilized 
by 3 voltammetric cycles between 0.01 V and 0.60 V in 0.1 M H2SO4 electrolyte (the single 
spontaneous deposition)31. Cyclic voltammetric and chronoamperometric measurements were 
carried out using a PAR 263A potentiostat through the Corrware software. The chemicals used 
were sulfuric, perchloric acid, formic acid and acetic acid (GFS Chemicals), methanol (Fisher), 
RuCl3.xH2O (Aldrich), CO (Matheson, research purity) and Millipore water.   
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The third-generation SFG apparatus is described in Figure 4.3. The heart of the system 
is a compact fs laser (Quantronix Integra-C 2.0) having a diode-pumped fiber oscillator and a 
chirped-pulse Ti:sapphire amplifier. The output pulses at 800 nm are 120 fs in duration with 2 
mJ energy at a repetition rate of 1 kHz. Three-fourths of the output energy is used to pump an 
optical parametric amplifier (OPA, Light Conversion TOPAS-C 800 fs DFG) equipped with both 
AgGaS2 (2.5 to 10 μm) and GaSe (8 to 18 μm) difference-frequency output crystals. The OPA 
generates the broad-band infrared (BBIR) pulses which are tunable from 2.5 to 16 μm. The 
remainder of the laser output is sent through a Fabry-Perot air-spaced etalon (TecOptics) to 
create narrow-band picosecond visible pulses (NBVIS) at 800.0 nm. These NBVIS pulses are 
asymmetric in time, having a steep (~120 fs) rising edge and a gradual (a few ps) falling edge, 
which makes them useful for suppressing the nonresonant contribution32 from the metal 
surface.4 The NBVIS and BBIR pulses are made time coincident using an optical delay line and 
both are made spatially coincident on the electrode surface. Typical pulse energies are 5 μJ in 
the IR and 20 μJ in the visible. In previous work, following Ref. [19],19 we made the BBIR and 
NBVIS pulses collinear with a dichroic beam splitter and focused them with a common CaF2 
lens. This set-up proved lossy and cumbersome, with suboptimal aberrent beam focusing, and it 
did not support IR wavelength tuning below 10 μm due to CaF2 absorption. The new apparatus 
uses a more efficient design described in Figure 4.3 C, where the pulses are independently 
focused by individual lenses, a glass lens for the NBVIS and an antireflection-coated ZnSe lens 
for the BBIR. The focused spot sizes (1/e2 beam diameter) are 200 μm, and as the IR 
wavelength is varied in the 2.5-16 μm range, the IR spot size can be maintained by refocusing 
the ZnSe lens or by switching to a different ZnSe focal length. The SFG output pulses are 
filtered using a short-wavelength pass filter and detected using a 0.3 m spectrograph and CCD 
(Andor Corp.). 
In BB-SFG, all vibrations lying within the spectral region defined by the BBIR pulse 
spectrum are probed simultaneously. With our laser, this region is about 250-300 cm-1 in width. 
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The spectral resolution is set by the spectral width of the NBVIS pulses, which in turn is set by 
the spectral bandpass of the etalon. We have several etalons available which provide a range of 
spectral widths. It is generally desirable to use the largest bandpass possible, because the 
intensity of the SFG signal is, all things being equal, proportional to the square of the etalon 
bandpass. Doubling the bandpass doubles the NBVIS pulse energy and reduces the NBVIS 
pulse duration by a factor of two. Since the vibrational transitions observed in our 
electrochemical measurements are typically 15 cm-1 or more in width, we ordinarily use an 
etalon that transmits a portion of the fs visible pulse that is 11 cm-1 wide. When higher resolution 
is needed, we can add a second etalon in series to improve the resolution at the expense of 
signal. 
The arrangement used to phasematch the BB-SFG signal is depicted in Figure 4.3 C. 
With a series of polarization rotators and analyzers, we can obtain spectra in all eight possible 
polarization conditions, but on metal electrodes we use only the ppp-polarization condition, 
where the two incident beams and the output beam are polarized in the plane of incidence of 
the NBVIS pulses. The BBIR pulses are incident upon the electrode from a few mm out of this 
plane. The spectrograph slit is perpendicular to this plane. Because there are a range of IR 
frequencies, the BB-SFG output has a range of output wavevectors. Since the CCD detector 
has a height of several mm, all these different wavevectors fall onto the CCD, albeit at slightly 
different heights h, and output spectra are obtained by integrating the signals along the h-axis. 
To align the system, the NBVIS beam is directed onto the slit, falling near the edge of the CCD 
detector. The short-wavelength pass filter is then inserted. With this arrangement, tuning the 
BBIR pulse wavelength simply moves the SFG signal parallel to the spectrograph slit onto a 
slightly different region of the CCD detector, so the IR wavelength can be easily changed with 
minimal height realignment. 
The TLE SFG electrochemical cell depicted in Figure 4.2 was made of Kel-F and glass, 
with an optical window (CaF2 or MgF2) as the input window.2,3,33,34 A 25 μm thick Teflon spacer 
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was placed between the electrode and the optical window. Originally, the Teflon holder was 
used as a plunger to compress the spacer between the working electrode and the optical 
window to create a uniform electrolyte layer of known thickness.2  In more recent work, single 
crystal electrodes were used that were attached to the plunger without protecting the walls 
against the electrolyte contact. Voltammetry associated with spectral acquisition for the single 
crystals is obtained in the spectroelectrochemical cell in a meniscus configuration.3 
The CCD detector and the potentiostat were synchronized in an open-loop configuration 
by starting the experiment with a common trigger. Careful measurements were used to show 
that both devices remained well synchronized throughout the duration of each SFG-
electrochemistry run. The potentiostat scanned the electrode potential at 1 - 5 mV/s while the 
CCD was usually read out at 5 spectra/s. 
We have done a detailed analysis of laser heating in Pt-CO experiments in the TLE 
configuration, using methods described in Refs. [2,35].2,35 We first determined the adiabatic 
temperature jump ΔT after a single pulse, and then a steady-state ΔT at 1 kHz. At 2050 cm-1, 
the electrolyte absorption coefficient is 400 cm-1.36 For an IR fluence of 20 mJ/cm2, in the 
electrolyte ΔT never exceeds 1.2 K. The pulses are also absorbed by the electrode, the fs IR 
pulse being most important due to its higher intensity. At the electrode surface, electrons, 
phonons and adsorbates are not in thermal equilibrium on the fs time scale. Based on ultrafast 
laser heating and pump-probe measurements, we were able to estimate the heat jump at the Pt 
surface ΔT = 30 K.37 However, it takes time for a hot Pt surface to heat the CO adsorbates. 
During the ~1 ps time interval when the SFG signal is emitted,38 the temperature jump of CO 20 
is ~10 K. These estimates were tested by varying the laser pulse energies, and we observed no 
changes in the spectra when the pulse intensities were reduced by up to a factor of four. 
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4.4  Analysis of SFG spectra 
For adsorbates on a metal surface, an SFG spectrum is a combination of resonant 
molecular transitions plus a nonresonant background from the metal. (There may also be a 
contribution from the water-CaF2 interface that can be factored out by following electrode 
potential effects, see below). The SFG signal intensities are proportional to the square of the 
second-order nonlinear susceptibility,39 
 
ISFG ∝ |χ(2)|2           (4.1) 
 
For simplicity we assume nonresonant visible pulses and ignore the tensor nature of χ(2) 
which describes the well-known polarization conditions. For adsorbates on a metal surface,40,41 
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αav and βav are the linear molecular polarizability and the molecular hyperpolarizability 
respectively, αe is the electronic polarizability, and U(0) is the local field in the long-wavelength 
(k = 0) limit. The linear polarizability is given by Persson and Ryberg as,38 
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where Q is a transcendental function that depends on the adsorbate geometry, μ denotes the 
type of binding site (e.g. atop, bridge, 3-fold for CO), cμ is the coverage, and αμ is the 
polarizability of a single molecule with singleton vibrational frequency ω0 at a μ-type site,40 
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where Γ is the damping constant (the inverse IR linewidth). It is usually assumed that the single-
molecule hyperpolarizability βav can be written in a form similar to Eq. (4.4), so that the SFG 
spectrum consists of one or more Lorentzian transitions plus a frequency-independent 
nonresonant background term.40,41  For BB-SFG such a spectrum takes the form,2  
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where Ω and δ are the frequency and width of the BBIR pulses, ANR and φ the nonresonant 
amplitude and phase, and for each transition NAν is the product of the adsorbate surface density 
and the vibrational amplitude, ωv the central frequency and  Γv the inverse linewidth. On a metal 
surface, the nonresonant polarization dephases rapidly, within the ~100 fs duration of the BBIR 
pulse, whereas the resonant polarization dephases more slowly, on the ~1-5 ps duration of the 
vibrational T2 time constants. Recently it has been shown that by appropriate time delay of a 
time-asymmetric NBVIS pulse, it is possible to suppress the nonresonant signal entirely with 
little loss of the resonant contribution.42   
 
4.5 BB-SFG of electrocatalysis and electrode adsorption on single metal electrodes 
4.5.1. SFG spectra of electrochemical CO oxidation. CO electrochemistry at a platinum 
electrode is a model surface reaction in fuel cell catalysis, and has been intensively 
studied.5,16,17,43-47 Although the loss of SFG signal from electrosorbed CO on Pt can be 
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reasonably associated with the loss of CO coverage resulting from CO oxidation, there are a 
number of reasons why this association need not be precise, and a number of reasons why 
experimental determination of the extent of correspondence has proven elusive. In previous 
work using IRAS or SFG, as discussed in the introduction section, the need to minimize infrared 
absorption in the aqueous electrolyte led to the use of cells where the electrode was pressed 
directly against the optical window. With such a thin electrolyte film (on the order of 1 μm), the 
scan rate must be kept below a fraction of a mV/s to avoid a significant ohmic drop deformation 
of the electric current measured as a function of time. Until recently,2,3 no data on the broadband 
multiplex SFG apparatus19,26 combined with a thin-layer electrochemical (TLE) cell were 
reported.   
Figures 4.4-4.7 show published data from our BB-SFG work on Pt/CO system.2 We 
acquired a time stream of SFG spectra of chemisorbed CO on a polycrystalline Pt electrode with 
a 25 μm thick (Figure 4.2) in 0.1M H2SO4 electrolyte free of CO (Figures 4.4-4.6). The potential 
was scanned at 5 mV/s as spectra were obtained at 5 Hz. The voltammogram is a typical CO 
stripping voltammetry and is shown in Figure 4.5. The hydrogen peaks are completely 
suppressed and the CO adlayer is stable from the onset of hydrogen evolution potential to about 
0.4 V. (The hydrogen peaks recover on the second scan.) The voltammetric CO oxidation peak 
begins at 0.42 V and ends at 0.51 V. Using the data in Figures 4.4 and 4.5, Figure 4.6 was 
constructed and shows that the potential areas of CO stability and oxidation show excellent fits. 
In Figure 4.6, the SFG CO amplitude increases slightly until oxidation begins, whereupon a 
precipitous drop is seen; the slight deviation between the charge and SFG amplitude near the 
end of the oxidation process is attributed to experimental error. The CO frequency increases 
with a Stark shift of 28 cm-1 V-1, in good agreement with previous reports.16,25,43,48-50 At the onset 
of chemisorbed CO oxidation, the CO frequency evidences the anomalous Stark tuning 
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behavior noted by Ross, Markovic et al. (Figure 4.8), who associated it with compression of CO 
islands by adsorbed anions.51 
As mentioned above, careful comparison of the oxidation current and the SFG signal 
with CO-free electrolyte (Figure 4.6) showed a precise correspondence, so that SFG was shown 
for the first time to be capable of quantitative measurements of CO coverage.2 In particular, we 
did not see the remarkable features reported in previous works on Pt electrodes. Baldelli et al.24 
reported that the SFG signal vanished 200 mV below the CO oxidation threshold, which was 
interpreted as resulting from the electrochemical generation of an SFG-invisible CO adsorption 
state. Dederichs et al.25 also reported CO signal disappearance prior to the CO oxidation 
threshold, which was attributed to CO depletion in the quite thin electrolyte layer. Chou et al.15 
reported that the SFG signal intensity vanished immediately after the oxidation current reached 
its maximum. Instead, Figure 4.6 shows the SFG intensity perfectly tracks the oxidation current. 
However, when the electrolyte was CO-saturated, the charge and the SFG signal were no 
longer in correspondence. (The charge builds up to a considerable extent before the SFG signal 
starts to drop at 0.44 V, Figure 4.7.) The current and charge are sensitive to the total number of 
CO equivalents oxidized in the electrolyte and on the Pt surface, whereas the SFG signal is 
sensitive to the CO stripping process, which reduces the CO surface coverage. Consequently 
with the CO-saturated electrolyte, SFG and voltammetry measure different things.  
4.5.2. SFG spectra of adsorbate phase transition kinetics. CO on single-crystal Pt(111) 3 
evidences new phase behavior52-55 not seen on poly Pt. We studied the adlayer phase transition 
between a (2×2)−3CO structure (θ = 0.75) and a slightly less dense (√19×√19)R23.4°−13CO 
lattice3 (θ = 0.684) depicted in Figure 4.9. The compact (2×2)−3CO lattice consists of atop CO 
sites (25% coverage) and is surrounded by 3-fold sites (50% coverage). The less compressed 
(√19×√19)R23.4°−13CO surface structure consist of the atop CO (the atop CO coverage 0.368) 
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and is surrounded by the bridge bonded dimers. The bridge bonded CO coverage is then equal 
to 0.316. 
This adlayer phase transition is an excellent model system to understand dynamical 
transformations in electrochemical surface science. A representative SFG amplitude, frequency 
and width are plotted in Figure 4.10 with 0.1 M H2SO4 electrolyte and a potential sweep rate of 
5 mV/s. The phase transition (Figure 4.10, see red arrow) highlights a sudden atop intensity 
jump and is accompanied by the transformation of 3-fold sites into bridge sites (Figure 4.11).52-55  
Details of Figure 4.11-A are the following. Spectra of CO on Pt(111) were taken at 1 
mV/s in CO-saturated 0.1M H2SO4. At lower potentials (below 0.53 V) atop and 3-fold signals 
are observed (Figure 4.11-A), and they correspond to the (2×2)−3CO lattice. At higher potentials 
(above 0.53 V) the atop intensity jumped and the 3-fold sites were converted to bridge sites, 
resulting in a (√19×√19)R23.4°−13CO structure of the atop CO surrounded by the bridge 
bonded dimers. Figure 4.11-B then throws more light on data in Figure 4.11-A. The same 
elecrode (Pt(111)) and the same voltammteric, solution composition and spectroscopic 
conditions were used. In one series (I), the broadband IR BBIR pulses were tuned to maximize 
the atop CO intensities and, in another (II), the pulses were tuned to maximize the multiply 
bonded CO intensities. (In case II, atop transitions could also be seen despite being in the wings 
of the BBIR pulse spectrum.) At 0.0 V, we measured the spectra that correspond to the 
(2×2)−3CO surface structure (red line) and at 0.56 V, we measured the spectra data 
corresponding to the (√19×√19)R23.4°−13CO surface structure (black line).   
We were also able to measure how the adlayer transition depended on electrolyte-
dissolved CO concentration, on adsorbing (sulfate) vs. non adsorbing (perchlorate) supporting 
electrolyte, and on potential scan rate. Measurements of phase transition kinetics are 
summarized in Figure 4.12, where the potential was switched back and forth across the phase 
boundary repeatedly as atop-site SFG spectra were obtained at 5 Hz. Such kinetic 
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measurements are meaningful only if the electrolyte in the TLE cell is thick enough that its 
composition remains constant during surface transformations. Figure 4.12 shows only minimal 
differences in the kinetics between the first and second cycles of potential switching, verifying 
that this condition was met. As shown in Figure 4.12, the atop-site Stark shift (compare with 
Figure 4.10) is observed to occur instantaneously, implying that a new potential is established 
on the electrode in < 0.1 s. With CO-saturated electrolyte the forward (2×2) → (√19×√19) 
transformation occurs with a time constant of a few seconds, whereas the back (√19×√19) → 
(2×2) transformation is much faster, occurring in < 0.5 s (Figure 4.12 A). With CO-unsaturated 
electrolyte, the forward transformation becomes a bit faster and the back transformation is a bit 
slower (Figure 4.12 D) than with CO-saturated electrolyte.   
Overall,3 we investigated the CO phase transition where the relative proportions of atop, 
bridge and 3-fold sites change significantly across the phase boundary52,56 (see above). We 
found however that the SFG intensity changes for these sites were different from what was 
expected solely on the basis of surface coverage densities. The explanation is that these sites 
have quite different back-bonding, so the adlayer transition changes not only the site 
occupancies but also the electronic polarizability of the Pt surface. The change in surface 
properties is clearly evident in SHG measurements which are much more sensitive to the Pt 
surface than to the adsorbate.56 As we reported3 the problem using SFG to determine coverage 
changes during a surface transformation is that the SFG signal results from the coverage 
change and also from the changing [1+αavU(0)] and [1+αeU(0)] terms in Eq. (2). It can be 
shown that IRAS measurements depend on the [1+αavU(0)] term alone, and SHG on the 
[1+αeU(0)] term alone. Thus it should be possible to determine these terms independently using 
IRAS and SHG measurements and correct the SFG measurements to extract the changing 
surface coverage in a quantitative manner. We derived3 a useful relation for a transformation 
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between phases I and II, which might involve an electrochemical transformation, a phase 
transformations, a change in adsorbed ions, etc., 
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where c is the coverage from Eq. (4.3). Using Eq. (4.6) greatly improves the quantitative 
accuracy of SFG surface coverage measurements. We used literature measurements of SHG57-
60 and IRAS52,61,62 intensities. Thus, this phase transition25,52-55,57-62 is a critical test of SFG as a 
quantitative probe of surface coverage. As described above, the transition causes both the 
vibrational and the electronic polarizability to change, so neither SFG, SHG or IRAS alone can 
quantitatively determine coverage changes across this phase boundary. Combining these 
measurements with Eq. (4.6) allowed accurate measurements of surface coverage.3 A small 
(~20%) discrepancy in the SFG determination of atop coverage was attributed to either a small 
amount of surface disorder or uncertainties in the SHG and IRAS measurements. 
4.5.3. Decomposition of methanol on a Pt electrode. Tadjeddine et al. have used 
SFG5,9,10,33,63,64 to study the adsorbed CO produced from a variety of solution species, including 
from methanol.33,64 With BB-SFG, we studied electrochemical kinetics of methanol 
chemisorption as surface CO as shown in Figure 4.13. We used a polycrystalline Pt electrode 
and 0.1 M H2SO4 electrolyte with 0.1 M methanol. Figures 4.13 A-D characterize the potential-
dependent SFG spectra obtained under the voltammetric conditions of the CO adsorbate 
resulting from the methanol decomposition process. In the forward direction, starting at negative 
potential, the CO SFG amplitude increases, reaching a maximum at ~0.3 V, and then 
disappearing at ~0.5 V. In the back scan, CO reappears at ~0.47 V and reaches a maximum at 
~0 V. The CO frequency shift reflects Stark tuning and intermolecular interactions among the 
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coadsorbates. For kinetic studies (Figure 4.13 E-G), the potential was first fixed at 0.75 V, 
where CO was removed rapidly while the bulk methanol oxidation activity is low to minimize 
depletion of methanol in the solution gap (Figure 4.13 G). Jumping to a lower potential (0.20V) 
where the CO adlayer is stable, SFG monitored the CO build-up from methanol. Figure 4.13 E 
shows that the build-up occurs on the 20s time scale, and reaches its maximum at steady-state. 
The CO frequency shift tracks the amplitude (Figure 4.13 F). As CO is deposited on the bare 
electrode and coverage grows, the CO frequency blueshifts as a result of interactions among 
coadsorbates.56 The CO frequency closely reflects the coverage dependence, suggesting that 
CO is formed randomly and is distributed uniformly instead of being arranged in dense patches.   
Surface reactions that give rise to the electric current measured depend on the electrode 
potential range and the type of the measurements reported. The dominating reactions 
contributing to the voltammetric data in Figure 4.13 A-D, are: (i) oxidation of chemisorbed CO on 
forward scan, (ii) oxidation of methanol to CO2 (on both scans) and (iii) chemisorbed CO 
formation on the reverse run: 
 
CO  + H2O = CO2 + 2H+ + 2e-  (4.7) 
 
CH3OH + H2O = CO2 + 6H+ + 6e-  (4.8) 
 
CH3OH   = CO + 4H+ + 4e-  (4.9) 
 
The drop of the voltammetric current on the forward scan is associated with platinum 
surface oxidation (or platinum oxide formation), and the drop on the negative-going run is due to 
reaction 4.9 (surface poisoning by CO) and the Tafelian kinetics of reaction 4.8. Further, the 
lack of coincidence between the end of the descending amplitude – potential line (Figure 
4.13 B) and the final phase of the current – time profile (Figures 4.13 A) indicates that in the 
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potential range between ca. 0.5 and 0.8 V methanol oxidation occurs without the atop CO 
surface intermediate. The SFG amplitudes on Figure 4.13 on both scans nearly equal to each 
other indicate a high level of preferential (111) crystallographic orientation of our polycrystalline 
Pt surface, as inferred from earlier data in Ref. [65].65 
4.5.4. Decomposition of formic acid on Pt(111). While very limited data are presented here, 
kinetics of adsorption/decomposition of formic acid molecules66,67 (and papers quoted therein) 
were measured below by BB-SFG (Figure 4.14). The Pt(111) electrode and the 0.1 M H2SO4 
electrolyte containing 0.1 M formic acid were used. The families of spectra at -0.200, -0.025 and 
to 0.225 V were collected as a function of the decomposition time. The electrode potential was 
initially held at 0.75 V to produce a clean Pt(111)  surface, and was next switched to monitor the 
atop CO uptake. Starting at 0 s where the CO adsorption (from HCOOH decomposition) did not 
yet begin, the potentiostatic experiment lasted until ca. 500 s of the progress of reaction. The 
spectral position is typical of the atop CO on the Pt(111) surface. (Data with multiply bonded 
CO, bridge and 3-fold, will be presented elsewhere.68) Times at which the spectra were 
recorded are shown. At -0.025 V, data show that maximum CO coverage is obtained after ca. 
120 s of the decomposition process, but at the remaining two potentials the kinetics are slower.  
Overall, we demonstrate electrode potential and time dependent properties of the atop 
CO adsorbate generated from the formic acid decomposition process on Pt(111) at three 
potentials, and address the issues of formic acid reactivity and poisoning.69,70) There is also a 
consistency with the previous kinetic data obtained by electrochemical methods; the maximum 
in formic acid decomposition rates was obtained at -0.025 (or 0.25 V vs. RHE, cf. Figure 4.7, in 
Ref. [66]66). However, what is the exact path towards the CO formation is not clear beyond that 
the main reaction is the oxidation of the HCOOH molecule: 
 
HCOOH = CO2 + 2H+ + 2e-    (4.10) 
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However, if the CO is formed from formic acid dehydration: 
 
HCOOH = CO + H2O      (4.11) 
 
the rate of the latter reaction should be electrode potential neutral, which is not the case 
(Figure 4.14 and data in Ref. [66]66). The presence of the formate immediate on rough 
polycrystalline platinum was found at higher potentials,70 which has not been confirmed in this 
report. 
4.5.5. Adsorption of acetic acid. Acetic acid is one of the unwanted deposition products of 
ethanol in both acidic and basic media.71,72 Preliminary data on adsorption of acetic acid in 
acidic media are shown in Figure 4.15. The potential was swept from 0 V to 1.0 V and then back 
to 0 V at 1 mV/s, while the SFG spectra were recorded. Between ca. 0.33 and 0.81 V (Figure 
4.15 A), a transition near 1420 cm-1 was found due to symmetric OCO stretching of adsorbed 
acetate ions.73-75 The blueshift in frequency with the electrode potential produces a low Stark 
tuning slope of 10 cm-1/V (Figure 4.15 C). On the positive run, the maximum of acetic acid 
adsorption occurs when the electrode potential reaches 0.60 V. Further increases reduce acetic 
acid adsorption due to Pt surface oxide formation, which is reflected in the voltammogram in 
Figure 4.15 B. At 0.87 V and above, acetic acid adsorption is no longer observed. On the 
reverse scan, acetic acid adsorption occurs only after the platinum surface oxide is significantly 
reduced. The adsorption then increases with increasing potential, and reaches a maximum at 
around 0.40 V. 
In this study, adsorption of acetic acid under voltammetric conditions is observed by a 
vibrational technique for the first time. The first contribution to the spectroscopic, acetic acid field 
was carried out using FTIR (the potential-difference infrared spectroscopy, PDIRS) and by 
radioactive labeling.73  Both techniques show extensive adsorption of acetic acid, which 
increases at more positive potentials and maximizes at the onset of anodic oxide formation. This 
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is what we confirm here (Figure 4.15). A single band of near 1420 cm-1 was found73 due to 
adsorption of acetic acid on platinum, exactly as in Figure 4.15. The 1420 cm-1 feature was 
consistent with a symmetric carboxylate stretching mode, with both carboxylate oxygens 
oriented towards the metal surface. We then concluded73 that the most likely modes of acetic 
acid adsorption involve hydrogen bonding between the carboxylate oxygens and inner layer 
water molecules or that the adsorption occurs “by self-association to form dimmer or chain 
structure”. While in this brief study we can neither confirm not negate the nature of surface 
coordination and orientation of the adsorbed acetic acid species, the coincidence between the 
spectral data between Ref. [73]73 and in Figure 4.15 is tempting to conclude that a similar 
surface structure is found, including the role of platinum oxides in guiding surface concentration 
of the reversibly adsorbed acetic acid adsorbate. 
4.5.6. Chemisorption of CO on nanoparticle Pt electrodes. Platinum nanoparticles, made of 
either pure or alloyed Pt are well known anodes and cathodes in hydrogen and methanol fuel 
cells.76 Using BB-SFG, we have investigated CO adsorption on nanoparticle electrodes that 
could be considered model surfaces to those applied as catalysts in fuel cell R&D. The Pt 
nanoparticles were ca. 7 nm of Pt-black, and were immobilized on a smooth gold disk. The 
electrolyte was CO saturated 0.1 M H2SO4, and the potential was scanned from -0.19 V up to 
0.64 V at 1 mV/s. The BB-SFG spectra (Figure 4.16 A) at ca. 2085 cm-1 at -0.19 V correspond 
to atop CO,77 with the Stark tuning slope of ca. 24 cm-1 V-1 (4.16 B). We notice that the Stark 
slope is lower than that obtained with CO chemisorbed on Pt(111) from CO saturated media 
(Figure 4.10), for reasons to be further investigated. The shoulder near 2120 cm-1 is associated 
with CO adsorbed on the Au sites,78 and the broad background (seen clearly at 0.64 V) is from 
non-resonant SFG. The data shown in Figures 4.4, 4.11 A and 4.16 represent a link between 
smooth and nanostructured catalyst surfaces, and will be of use in our further studies of fuel cell 
catalysis in the BB-SFG (infrared) spectroscopy perspective. 
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4.6 SFG of bimetallic electrodes: adsorption and oxidation of CO on Pt/Ru 
4.6.1. Correlation between infrared spectra and reactivity CO on Pt(111)/Ru. By employing 
spontaneous deposition tactics to produce ruthenium-covered, platinum single crystal 
electrodes,31 we obtained Pt(111)/Ru surfaces of the Ru coverage of approximately 0.2 ML 
(Figure 4.17). Next, using CO saturated, 0.1 M sulfuric acid solutions and the Pt(111)/Ru 
surfaces such as that shown in Figure 4.17, we produced CO chemisorption layers in which CO 
was chemisorbed on both Ru and Pt sites at full coverage.79 After flushing the cell with clean 0.1 
M sulfuric acid electrolyte, we conducted voltammetric oxidation of the adsorbed CO under 
voltammetric conditions, into pure H2SO4 electrolyte (Figure 4.18). The current vs. electrode 
potential measurements yielded two well-resolved current-potential peaks at 0.14 V and 0.24 V 
at 1 mV/s.79,80 Among other things (see below), the voltammogram in Figure 4.18 demonstrates 
the high quality of the electrode surface, and confirms cleanliness of our electrochemical 
systems (at the 1 mV/s scan rate used, small amount of air present in the electrolyte is shown).   
Others81 and we80 have reported the split in the voltammogram of the type shown in 
Figure 4.18, and it is now fully acknowledged that the more negative CV peak originates from 
the oxidation of CO chemisorbed on ruthenium sites while the more positive comes from the 
oxidation on the platinum sites (see Refs. [79, 80]79,80 and papers cited therein). We may now 
hypothesize that the vibrational spectra17,82 obtained from such CO covered Pt(111)/Ru surfaces 
should follow the voltammetric distribution of CO stripping peaks of Figure 4.18. That is, on the 
positive-going voltammetric scan the spectral amplitudes for CO adsorbed on Ru sites should 
disappear before the amplitudes from CO on Pt sites become reduced (before their ultimate 
disappearance at even higher anodic potentials).  
The BB-SFG thin layer cell (Figure 4.2) has an ideal configuration to test the above 
prediction, as both the vibrational amplitudes and voltammetric currents can be measured 
simultaneously (with no IR drop penalty). The matching SFG spectra to the voltammetric data of 
Figure 4.18 are shown in Figures 4.19 and 4.20. (For details of spectral assignments of Pt-CO 
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and Ru-CO, see Refs. [61, 82]61,82, as well as Refs. [52, 83, 84, 85]52,83,84,85.)  Overall (see 
below) the data of Figures 4.18-4.20 demonstrate that the expected correlation between the 
spectra and voltammetry was found. For instance, there is a complete disappearance of the CO 
amplitude from Ru at ca. 0.24 V (Figure 4.19) correlating with the saddle point of the CV of 
Figure 4.18 (with a common-sense deconvolution of the CO stripping peaks shown in Figure 
4.18 in the saddle point area). However, there is still discrepancy between the infrared 
amplitudes of atop CO on Pt sites (Figure 4.19) and the voltammetric stripping shown on Figure 
4.18: instead of the amplitude disappearance near 0.30 V, as expected from Figure 4.18, the 
atop CO amplitude disappears at more negative potentials, nearly at 0.26 V (Figure 4.19). 
In order to reconcile the inconsistency, we analyzed the spectral disappearance of all 
CO surface forms: atop, bridge and 3-fold as a function of the electrode potential (Figure 4.20). 
While the spectra of Figure 4.20 are noisy, the bridge bonded CO clearly survives at the Pt sites 
at higher potential than the atop CO. That is, the bridge-bonded CO can be observed at the 
electrode surface even at nearly 0.30 V. This is in agreement with the voltammetric stripping 
behavior of Figure 4.18, and shows that bridge bonded CO is more stable in the electrooxidation 
reaction than atop CO (and is more stable than 3-fold CO)3. In contrast, both bridge and atop 
CO disappear simultaneously from pure Pt(111), as shown in Figure 4.11-A, and in support of 
data reported before.86  
4.6.2. Vibrational, electrochemical and electronic properties of the Pt/Ru catalyst: 
summary. Pt/Ru catalyst is the material of choice as fuel cell anodes in the direct methanol fuel 
cell (DMFC), and its catalytic functions need to be known exactly. In the first approximation, as 
now well acknowledged, methanol decomposes on Pt of the Pt/Ru surface producing 
chemisorbed CO that is transferred via surface motions to Pt/Ru sites to become oxidized to 
CO2 (i.e., the bifunctional mechanism87-89). It is also known that that CO adsorbed on 
nanoparticle Pt/Ru is confined within the Pt and Ru island borders on platinum surface.80 
However, the picture of the detailed Pt/Ru catalytic functions, including the CO removal process, 
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may only now emerge as complete. The correlation between the CO stripping voltammetry and 
the spectra, either infrared (see above) and/or NMR 80 are key tokens in understanding of 
methanol oxidation. However, one should notice that the spectroscopic and voltammetric 
measurements are basically different: while infrared spectroscopy (this work) and/or NMR80 
probe two different CO populations, those of Pt-CO and Ru-CO on the heterogeneous Ru-island 
decorated Pt surfaces,90 the voltammetry is a reactivity probe of the CO electrooxidation 
process. 
The data in Figures 4.19 and 4.20 indicate that while chemisorbed CO on Pt(111)/Ru 
disappears from both Ru and Pt sites at sufficiently positive potentials, the bridge bonded 
Pt(111)-CO (vs. atop) is more stable (Figure 4.20) than on pure Pt(111). The higher bridge 
bonded CO stability (Figure 4.20) is an unexpected behavior vs. previous findings (Figure 4.11-
A and Refs. [82, 86, 91]82,86,91). As indicated above, these findings bring the electrochemical and 
infrared data of CO on Pt(111)/Ru to coherence. However, the voltammetric split can only be 
observed in a narrow Ru coverage range on Pt(111), not higher than 0.25 ML,79 while the 
NMR80 and infrared spectra of the independent Pt-CO and Pt/Ru-CO populations continue to be 
measured (see Figure 4.21 obtained at the Ru coverage of 0.35 ML). An intriguing observation 
why the voltammetric CO stripping disappears at certain Ru coverage but the separate spectra 
from Ru-CO and Pt-CO patches can still be measured will be interrogated below.   
One notices that three conditions must be met simultaneously to obtain the voltammetric 
split of the type in Figure 4.18:  
 
• Ru atoms need to be physically present as distinctive Ru nanoislands on a Pt 
surface rather than be an intermixture of Ru with Pt surface atoms.92,93 
• The Ru and surrounding Pt nanoislands need to develop independent CO 
populations, the condition easily met by solution CO dosing of the surface to high CO coverage. 
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• The island Pt/Ru edge needs to have some unique chemical properties vs. the 
surrounding 2D ruthenium and platinum phases.79 
 
The first two conditions are always or easily met on heterogeneous90 Ru-island covered 
Pt surfaces. In contrast, the third condition may be fulfilled rarely, and is apparently lost at the 
Ru coverage higher than ca. 0.25 ML.79 The property of the Ru deposit above 0.25 ML on 
Pt(111) that changes with the Ru coverage is the transformation of the Ru-islands from 
monoatomic to multilayer adlattices.31 At the same time, with increasing Ru coverage, both Ru 
and Pt surface atoms become less “metallic”, and the added Ru amounts are suppressing the 
backdonation of the CO bonding on all surface sites.80 (A sequence of structural properties is 
then activated: the reduction in back donation weakens the metal-carbon bond, causes 
strengthening of the C-O bond that, in turn, gives rise to a blue shift in the CO stretching 
frequency, clearly seen on Ru-CO surfaces).86 As CO in NMR measurements is the surface 
probe of the state of the electrode surface reflecting new chemistry, the likely surface additive 
that accepts the DOS from both Pt and Ru on ruthenated Pt surfaces is oxygen entrapped 
between Ru layers deposited on Pt.80,94  Surface science literature95-97 documents thermally 
activated subsurface O present on ruthenium and/or Ru surface oxides, especially at high 
oxygen pressure. We overall conclude that the oxygen incorporated into Pt(111)/Ru under 
electrochemical conditions could easily function as a sink of the electronic charge; similarly to 
Se adatoms deposited on Ru nanoparticles.98 Thus, the oxygen incorporated into the Pt/Ru 
surfaces may easily modify the property of the Pt/Ru edge, and such a modified Pt/Ru edge 
may no longer serve as the efficient barrier against CO entering into the Ru islands on Pt.79 As 
soon as the barrier is crossed, the CO oxidation occurs at high rate, that is, at lower potentials 
(Figure 4.18). In support of these concepts, one should notice that the top of the Ru deposits on 
platinum is always metallic, and is available for CO chemisorption on all Pt and Ru sites.   
 90
Further expected development is the following. First, in the CO oxidation electrode 
potential range and at high Ru coverage on Pt, the presence of entrapped oxygen should be 
documented directly. Second, the concentration of the entrapped oxygen between Ru layers of 
the Ru deposit should increase with the increase in the multilayer character of the deposit. 
Research focusing on these two issues is planned. 
 
4.7 Conclusions 
We have shown that broad-band SFG (BB-SFG) provides a unique ability to probe the 
detailed behavior and kinetics of electrochemical transformations without compromising the 
conditions needed for high-quality electrochemistry. The high sensitivity and interface selectivity 
of SFG allows for the use of an electrolyte layer of 25 μm up to 5 mV/s, and permits fast kinetic 
measurements by improving the response time to applied potential transients into the 
millisecond range, and by allowing the rapid flow of reagents. Since the penalties for 
propagating infrared pulses through such a thin layer are small, transparent electrodes are not 
needed and well-defined single crystal electrodes have been used, based upon the low-index 
Pt(hkl) substrates, including nanostructured mixed metal electrodes. 
Information obtained by this method and reviewed above concerns: (i) coincidence 
between the infrared BB-SFG spectra and electrochemical behavior of carbon monoxide 
chemisorbed on polycrystalline platinum when electrooxidized to pure supporting electrolyte, (ii) 
evidence that the SFG observables are sensitive to the phase transition of CO adsorbed on the 
Pt(111) single crystal electrode, (iii) coincidence between vibrational spectra and voltammetry 
obtained from CO covered Pt (111)/Ru surfaces, including the split voltammetric behavior and 
all CO chemisorbed forms. We also investigated adsorption of acetate on polycrystalline Pt 
electrode, of interest to catalysts for ethanol oxidation where the acetate is an unwanted 
oxidation intermediate, and demonstrated the capacity of the BB-SFG method to examine 
platinum nanoparticles. 
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In particular, this chapter provides a quantitative link between the split voltammogram 
and infrared spectra obtained from CO on Pt(111)/Ru surfaces. Interpretation is offered for 
disappearance of the voltammetric split from CO stripping when the Ru coverage becomes 
higher than 0.25 ML. We point out that the Ru deposits on platinum and the platinum surface 
sites are always available for CO adsorption showing that neither Ru surface sites nor Pt 
surface sites are covered by oxygen, at any Ru coverage. The physical property of the Ru 
deposit above 0.25 ML of Ru that changes with the coverage is the growth of the island height 
from monoatomic to multilayers. Citing previous works79,80 we note that both Ru and Pt surface 
atoms become less metallic with the Ru coverage, and both Pt and Ru atoms need to donate 
DOS to a surface species. This surface species is concluded in this chapter as oxygen 
entrapped between subsequent Ru layers deposited on Pt. The entrapped oxygen affects 
chemical properties of the Pt/Ru edge which, at high Ru coverage, is no longer a barrier against 
CO entrance into the Ru domains (where it is oxidized at high rate). For monoatomic adlayers of 
Ru on Pt, even at high Ru coverage, we may conclude that the voltammetric resolution of the 
type depicted in Figure 4.18 should be found; the situation however is hardly accessible 
experimentally.  
 
4.8 References 
(1) Koper, M. T. M. Fuel Cell Catalysis:  A Surface Science Approach; John Wiley and 
Sons: Hoboken, N. J., 2009. 
(2) Lu, G. Q.; Lagutchev, A.; Dlott, D. D.; Wieckowski, A. Surf. Sci. 2005, 585, 3. 
(3) Lagutchev, A.; Lu, G. Q.; Takeshita, T.; Dlott, D. D.; Wieckowski, A. J. Chem. Phys. 
2006, 125, 154705. 
(4) Shen, Y. R. Nature 1989, 337, 519. 
(5) Guyot-Sionnest, P.; Tadjeddine, A. Chem. Phys. Lett. 1990, 172, 341. 
(6) Bonn, M.; Hess, C.; Miners, J. H.; Heinz, T. F.; Bakker, H. J.; Cho, M. Phys. Rev. Lett. 
2001, 86, 1566. 
(7) Shen, Y. R. Surf. Sci. 1994, 300, 551. 
(8) Tadjeddine, A. Surf. Rev. and Lett. 2000, 7, 423. 
(9) Eisenthal, K. B. Annu. Rev. Phys. Chem. 1992, 43, 627. 
(10) Richmond, G. L. Chem. Rev. 2002, 102, 2693. 
 92
(11) Chen, Z.; Shen, Y. R.; Somorjai, G. A. Annu. Rev. Phys. Chem. 2002, 53, 437. 
(12) Tadjeddine, A.; Vidal, F. Vibrational and electronic spectroscopic investigation of the 
electrochemical interface using IR-visible sum frequency generation and rotated 
nonlinear optical techniques. In In-situ spectroscopic studies of adsorption at the 
electrode and electrocatalysis; : Sun, S.-G., Christensen, P. A., Wieckowski, A., Eds.; 
Elsevier: Amsterdam, 2007; pp 273. 
(13) Guyot-Sionnest, P.; Hunt, J. H.; Shen, Y. R. Phys. Rev. Lett. 1987, 59, 1597. 
(14) Hoffer, S.; Baldelli, S.; Chou, K.; Ross, P.; Somorjai, G. A. J. Phys. Chem. B 2002, 106, 
6473. 
(15) Chou, K. C.; Kim, J.; Baldelli, S.; Somorjai, G. A. J. Electroanal. Chem. 2003, 554, 253. 
(16) Chou, K. C.; Markovic, N. M.; Kim, J.; Ross, P. N.; Somorjai, G. A. J. Phys. Chem. B 
2003, 107, 1840. 
(17) Lu, G.-Q.; White, J. O.; Wieckowski, A. Surf. Sci. 2004, 564, 131. 
(18) Guyot-Sionnest, P. Surf. Sci. 2005, 585, 1. 
(19) Patterson, J. E.; Lagutchev, A. S.; Huang, W.; Dlott, D. D. Phys. Rev. Lett. 2005, 94, 
015501. 
(20) Bonn, M.; Denzler, D. N.; Funk, S.; Wolf, M. Phys. Rev. B 2000, 61, 1101. 
(21) Hubbard, A. T. CRC Critical Reviews in Analytical Chemistry 1973, 2, 201  
(22) Hunt, J. H.; Guyot-Sionnest, P.; Shen, Y. R. Chem. Phys. Lett. 1987, 133, 189. 
(23) Zhu, X. D.; Suhr, H.; Shen, Y. R. Phys. Rev. B 1987, 35, 3047. 
(24) Baldelli, S.; Markovic, N. M.; Ross, P. N.; Shen, Y. R.; Somorjai, G. A. J. Phys. Chem. B 
1999, 103, 8920. 
(25) Dederichs, F.; Friedrich, K. A.; Daum, W. J. Phys. Chem. B 2000, 104, 6626. 
(26) Richter, L. T.; Petralli-Mallow, T. P.; Stephenson, J. C. Opt. Lett. 1998, 23, 1594. 
(27) Clavilier, J. Flame-Annealing and Cleaning Technique. In Interfacial Electrochemistry: 
Theory, Experiment, and Applications; Wieckowski, A., Ed.; Marcel Dekker, 1999. 
(28) Crown, A.; Wieckowski, A. Physical Chemistry Chemical Physics 2001, 3, 3290. 
(29) Chrzanowski, W.; Wieckowski, A. Langmuir 1997, 13, 5974. 
(30) Crown, A.; Moraes, I. R.; Wieckowski, A. J. Electroanal. Chem. 2001, 500, 333. 
(31) Crown, A.; Johnston, C.; Wieckowski, A. Surf. Sci. 2002, 506, L268. 
(32) Bain, C. D. J. Chem. Soc. Faraday Trans. 1995, 91, 1281. 
(33) Vidal, F.; Busson, B.; Six, C.; Pluchery, O.; Tadjeddine, A. Surf. Sci. 2002, 502-503, 485. 
(34) Biggin, M. E.; Gewirth, A. A. J. Electrochem. Soc. 2001, 148, C339. 
(35) Hare, D. E.; Rhea, S. T.; Dlott, D. D.; D'Amato, R. J.; Lewis, T. E. J. Imag. Soc. Technol. 
1998, 42, 90. 
(36) Bertie, J. E.; Lan, Z. App. Spectroscopy 1996, 50, 1047. 
(37) Venkatakrishnan, K.; Tan, B.; Sivakumar, N. R. Opt. Laser. Tech. 2002, 34, 575. 
(38) Persson, B. N. J.; Ryberg, R. Phys. Rev. B 1981, 24, 6954. 
(39) Shen, Y. R. The Principles of Nonlinear Optics; Wiley: New York, 1984. 
(40) Backus, E. H. G.; Bonn, M. Chemical Physics Letters 2005, 412, 152. 
(41) Cho, M.; Hess, C.; Bonn, M. Phys. Rev. B 2002, 65, 205423. 
(42) Lagutchev, A.; Hambir, S. A.; Dlott, D. D. J. Phys. Chem. C 2007, 111, 13645  
(43) Corrigan, D. S.; Weaver, M. J. J. Electroanal. Chem. 1988, 241, 143. 
(44) Petukhov, A. V.; Akemann, W.; Friedrich, K. A.; Stimming, U. Surf. Sci. 1998, 404, 182. 
(45) Markovic, N. M.; Ross, P. N. Surf. Sci. Rep. 2002, 45, 121. 
(46) Koper, M. T. M.; Lebedeva, N. P.; Hermse, C. G. M. Faraday Discuss. 2002, 121, 301. 
 93
(47) Vidal, F.; Busson, B.; Tadjeddine, A.; Peremans, A. J. Chem. Phys. 2003, 119, 12492. 
(48) Kunimatsu, K.; Golden, W. G.; Seki, H.; Philpott, M. R. Langmuir 1985, 1, 245. 
(49) Korzeniewski, C.; Pons, S.; Schmidt, P. P.; Severson, M. W. J. Chem. Phys. 1986, 85, 
4153. 
(50) Tian, Z. Q.; Ren, B.; Mao, B. W. J. Phys. Chem. B 1997, 101, 1338. 
(51) Stamenkovic, V.; Chou, K. C.; Somorjai, G. A.; Ross, P. N.; Markovic, N. M. J. Phys. 
Chem. B 2005, 109, 678. 
(52) Villegas, I.; Weaver, M. J. J. Chem. Phys. 1994, 101, 1648. 
(53) Tolmachev, Y. V.; Menzel, A.; Tkachuk, A. V.; Chu, Y. S.; You, H. Electrochem. Solid-
State Lett. 2004, 7, E23. 
(54) Wang, J. X.; Robinson, I. K.; Ocko, B. M.; Adzic, R. R. Journal of Physical Chemistry B 
2005, 109, 24. 
(55) Lucas, C. A.; Markovic, N. M.; Ross, P. N. Surface Science 1999, 425, L381. 
(56) Severson, M. W.; Stuhlmann, C.; Villegas, I.; Weaver, M. J. J. Chem. Phys. 1995, 103, 
9832. 
(57) Akemann, W.; Friedrich, K. A.; Linke, U.; Stimming, U. Surface Science 1998, 404, 571. 
(58) Akemann, W.; Friedrich, K. A.; Stimming, U. Journal of Chemical Physics 2000, 113, 
6864. 
(59) Pozniak, B.; Mo, Y. B.; Stefan, I. C.; Mantey, K.; Hartmann, M.; Scherson, D. A. Journal 
of Physical Chemistry B 2001, 105, 7874. 
(60) Pozniak, B.; Scherson, D. A. Journal of the American Chemical Society 2003, 125, 7488. 
(61) Kitamura, F.; Takahashi, M.; Ito, M. Surf. Sci. 1989, 223, 493. 
(62) Yoshimi, K.; Song, M. B.; Ito, M. Surface Science 1996, 368, 389. 
(63) Vidal, F.; Busson, B.; Six, C.; Tadjeddine, A.; Dreesen, L.; Humbert, C.; Peremans, A.; 
Thiry, P. J. Electroanal. Chem. 2004, 563, 9. 
(64) Vidal, F.; Busson, B.; Tadjeddine, A. Chem. Phys. Lett. 2005, 403, 324. 
(65) Adzic, R. R.; Tripkovic, A. V.; O'Grady, W. E. Nature 1982, 296, 137  
(66) Lu, G.-Q.; Crown, A.; Wieckowski, A. J. Phys. Chem. B. 1999, 103, 9700  
(67) Rice, C.; Ha, R. I.; Masel, R. I.; Waszczuk, P.; Wieckowski, A.; Barnard, T. Journal of 
Power Sources 2002, 111, 83. 
(68) Behrens, R., et al, to be submitted. 
(69) Chen, X. Y.; Miki, A.; Ye, S.; Sakai, H.; Osawa, M. J. Am. Chem. Soc. 2003, 125, 3680. 
(70) Samjeske, G.; Osawa, M. Angewandte Chemie-International Edition 2005, 44, 5694. 
(71) Colmenares, L.; Wang, H.; Jusys, Z.; Jiang, L.; Yan, S.; Sun, G. Q.; Behm, R. J. 
Electrochimica Acta 2006, 52, 221. 
(72) Rousseau, S.; Coutanceau, C.; Lamy, C.; Leger, J.-M. Journal of Power Sources 2006, 1, 
18. 
(73) Corrigan, D. S.; Krauskopf, E. K.; Rice, L. M.; Wieckowski, A.; Weaver, M. J. Journal 
of Physical Chemistry 1988, 92, 1596. 
(74) Rodes, A.; Pastor, E.; Iwasita, T. Journal of Electroanalytical Chemistry 1994, 376, 109. 
(75) Delgado, J. M.; Orts, J. M.; Rodes, A. Langmuir 2005, 21, 8809. 
(76) Vielstich, W.; Lamm, A.; Gasteiger, H. Eds.; Fuel Cell Handbook: Fuel Cell 
Electrocatalysis; Wiley-VCH: New York, 2003; Vol. 2. 
(77) Arenz, M.; Mayrhofer, K. J. J.; Stamenkovic, V.; Blizanac, B. B.; Tomoyuki, T.; Ross, P. 
N.; Markovic, N. M. Journal of the American Chemical Society 2005, 127, 6819. 
 94
(78) Blizanac, B. B.; Arenz, M.; Ross, P. N.; Markovic, N. M. Journal of the American 
Chemical Society 2004, 126, 10130. 
(79) Lu, G. Q.; Waszczuk, P.; Wieckowski, A. J. Electroanal. Chem. 2002, 532, 49. 
(80) Tong, Y. Y.; Kim, H. S.; Babu, P. K.; Waszczuk, P.; Wieckowski, A.; Oldfield, E. J. Am. 
Chem. Soc. 2002, 124, 468. 
(81) Massong, H.; Wang, H.; Samjeske, G.; Baltruschat, H. Electrochimica Acta 2000, 46, 
701. 
(82) Friedrich, K. A.; Geyzers, K. P.; Linke, U.; Stimming, U.; Stumper, J. J. Electroanal. 
Chem. 1996, 402, 123. 
(83) Leung, L.-W. H.; A., W.; Weaver, M. J. J. Phys. Chem. 1988, 92, 6985. 
(84) Oda, I.; Inukai, J.; Ito, M. Chem. Phys. Lett. 1993, 203, 99. 
(85) Lopez-Cudero, A.; Cuesta, A.; Gutierrez, C. J. Electroanal. Chem. 2005, 579, 1. 
(86) Friedrich, K. A.; Geyzers, K. P.; Dickinson, A. J.; Stimming, U. J. Electroanal. Chem. 
2002, 524-525, 261. 
(87) Watanabe, M.; Motoo, S. J. Electroanal. Chem. 1975, 60, 275. 
(88) Watanabe, M.; Motoo, S. J. Electroanal. Chem. 1975, 60, 267. 
(89) Maillard, F.; Lu, G. Q.; Wieckowski, A.; Stimming, U. Journal of Physical Chemistry B 
2005, 109, 16230. 
(90) Koper, M. T. M.; Lukkien, J. J.; Jansen, A. P. J.; van Santen, R. A. J. Phys. Chem. B. 
1999, 103, 5522. 
(91) Friedrich, K. A.; Geyzers, K.-P.; Henglein, F.; Marman, A.; Stimmming, U.; Unkauf, W.; 
Vogel, R. “CO Adsorption and Oxidation on Nanostructured Electrode Surfaces Studied 
by STM and IR Spectroscopy”; 189th ECS Meeting; Symposium on Electrode Processes 
VI, 1966, Los Angeles, CA. 
(92) Ianniello, R.; Schmidt, V. M.; Stimming, U.; Stumper, J.; Wallau, A. Electrochimica 
Acta 1994, 39, 1863. 
(93) Crown, A.; Kin, H.; Lu, G. Q.; de Moraes, I. R.; Rice, C.; Wieckowski, A. J. New Matter. 
Electrochem. Syst. 2000, 3, 275. 
(94) Lewera, A.; Inukai, J.; Zhou, W. P.; Cao, D.; Duong, H. T.; N., A.-V.; Wieckowski, A. 
2007, 52, 5759. 
(95) Stampft, C.; Schwegmann, S.; Over, H.; Scheffler, M.; Ertl, G. Phys. Rev. Let. 1996, 77, 
3371. 
(96) Bottcher, A.; Niehus, H.; Schwegman, S.; Over, H.; Ertl, G. J. Phys. Chem. B. 1997, 101, 
11185. 
(97) Todorova, M.; Li, W. X.; Ganduglia-Pirovano, M. V.; Stampfl, C.; Reuter, K.; Scheffler, 
M. Phys. Rev. Let. 2002, 8909, 6103. 
(98) Babu, P. K.; Lewera, A.; Chung, J.-H.; Hunger, R.; Jaegermann, W.; Alonso-Vante, N.; 
Wieckowski, A.; Oldfield, E. J. Am. Chem. Soc. 2007, 129, 15140. 
 
 
 95
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Figure 4.1. Schematic of the spectroelectrochemistry apparatus at the University of Illinois. The thin-layer 
spectroelectrochemical cell (TLE-cell) has a 25 μm thick spacer between the electrode and window to control the 
electrolyte layer thickness and allow for reproducible refilling of the gap. The broad-band infrared (BBIR) and 
narrow-band visible (NBVIS) pulses used for broad-band vibrational sum-frequency generation spectroscopy are 
generated by a femtosecond laser of Figure 4.3. Voltammetric and spectrometric data are acquired simultaneously. 
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Figure 4.2.  Schematic of the electrochemical cell (see caption of Figure 4.1).  The cell window is CaF2 or MgF2.  
The working, reference and auxiliary electrodes are indicated.  Construction materials are glass and Teflon only. 
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Figure 4.3. (A) Block diagram of the third-generation SFG spectrometer.  A beam-splitter (BS) directs ¼ of the 
output through a Fabry-Perot etalon (FPE) to produce the narrow-band visible (NBVIS) pulses.  The remaining 
output pumps an optical parametric amplifier to generate the broad-band IR pulses (BBIR).  (B)  Photograph of the 
SFG apparatus on a 2 x 0.8 m2 optical table.  The laser, spectrograph and sample chamber are shown in the 
foreground.  (C)  Schematic of the arrangement for SFG phasematching.  Different BBIR frequencies result in 
slightly different SFG output angles, but all SFG signals pass through the spectrograph slit and illuminate slightly 
different height (h) regions of the CCD.  Output spectra are obtained by integrating along the CCD h direction.   
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Figure 4.4. A series of SFG spectra in the CO stretch region of chemisorbed CO on polycrystalline Pt in the CO-
free 0.1 M H SO  electrolyte.  The atop spectra were fit to Equation 5 (see text) to extract the amplitude, frequency, 
and width.  (Each displayed data point was the average of three or five spectra.)  The electrode potential was swept 
at a rate of 5 mV/s, and SFG spectra were obtained every 200 ms.  Although spectra were obtained at 1 mV 
intervals, to avoid congestion in the plot, averaged spectra are displayed at 10 mV intervals in the preoxidation 
region (V < 0.43 V) and at 3.3 mV intervals in the oxidation region (V > 0.43 V).  
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Figure 4.5. Electrochemical measurements of CO stripping voltammogram with CO free 0.1 M H2SO4 electrolyte.  
Cf. data in Figure 4.4, the CO oxidation region begins at V = 0.43 V. After CO stripping, hydrogen 
adsorption/desorption peaks and the beginning of the platinum oxidation range are shown. 
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Figure 4.6. Comparison (using the 0.1 M H2SO4 CO-free electrolyte) of the SFG amplitude of the CO stretch (filled 
circles) with electric charge (open circles). The charge is computed by numerical integration of the current shown in 
Figure 5.5. 
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Figure 4.7. Comparison (using 0.1 M H2SO4 CO-saturated electrolyte) of the SFG amplitude of the CO stretch 
(filled circles) with the charge (overlapping open circles). The charge is computed by numerical integration of the 
current shown in Figure 4.8A. 
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Figure 4.8. CO-saturated electrolyte in the thin cell of Figure 4.2. CO oxidation; the first and second scans are 
shown (A), comparison with the CO stretch frequency shift: the red points vs. the extrapolated straight Stark line 
shown in blue (B). 
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Figure 4.9. Structures of the (2×2)−3CO and (√19×√19)R23.4°−13CO adlayers.52-55 In the (2×2)−3CO lattice every 
atop site is surrounded by six 3-fold sites at a distance of 1.15d. All atop (coverage 0.25) and 3-fold sites (coverage 
0.50) are equivalent. In the slightly (10%) lower packing density, in the (√19×√19)R23.4°−13CO lattice, a single 
atop site is surrounded by six near atop neighbors and six pairs of near-bridge dimers.  Each near-atop site has three 
nearby near-bridge sites at 1.32d and 1.5d.  The atop coverage is 7/19 (0.368) and the bridge coverage is 6/19 
(0.316). 
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Figure 4.10. Analysis of SFG spectra from atop CO on Pt(111) using CO-saturated 0.1M H2SO4 electrolyte and the 
scan rate of 5 mV/s. The (2×2)−3CO → (√19×√19)R23.4°−13CO phase transition resulted in a jump in atop 
amplitude (A). Stark tuning (B) and peak width vs. electrode potential data (C) are shown. The red arrow in (A) 
points at the phase transition. 
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Figure 4.11-A.  SFG spectra of atop CO on a Pt(111) electrode with the CO-saturated 0.1M H2SO4 electrolyte and 
at the scan rate of 1 mV/s.  Each displayed spectrum resulted from a 15 s acquisition. The BBIR pulses are tuned to 
optimize the multiply bonded spectra, suppressing the atop intensity.  Above 0.532 V, the atop intensity jumped and 
3-fold sites were converted to multiple sites.  At 0.547 V, bridge and 3-fold CO coexist.  Data at > 0.562 V show 
simultaneous disappearance of atop and bridge bonded CO.   
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Figure 4.11-B. Spectra of adsorbed CO on the Pt(111) electrode at 1 mV/s in CO-saturated 0.1M H2SO4. (I) the 
broadband IR BBIR pulses were tuned to maximize the atop CO intensities and (II) the pulses were chosen to 
maximize the multiply bonded CO intensities.  In the case II, the atop transitions could also be seen despite being in 
the wings of the BBIR pulse spectrum.  Red line: spectra taken at 0.0 V (corresponding to the (2×2)−3CO surface 
structure); black line: data taken at 0.56 V (corresponding to the (√19×√19)R23.4°−13CO surface structure). 
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Figure 4.12.  Kinetics of the (2×2)−3CO →(√19×√19) R23.4°−13CO phase transition on a Pt(111) electrode in a 
CO-saturated 0.1M H2SO4 electrolyte, observed via SFG of atop CO.  The frequency shift data in B and E indicate 
that a new potential is established on the electrode within 0.2 s.  The forward transformation is much slower than the 
reverse.  There are minimal differences between the first and second cycle, indicating minimal change in the 
electrolyte composition during kinetic measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 108
cu
rre
nt
 (m
A
)
0.0
0.4
0.8
1.2
am
pl
itu
de
 (a
.u
.)
0
40
80
120
fre
qu
en
cy
 (c
m
-1
)
2040
2060
potential vs Ag/AgCl (V)
-0.2 0.0 0.2 0.4 0.6 0.8
w
id
th
 (c
m
-1
)
10
20
30
40
A
B
C
D
am
pl
itu
de
 (a
.u
.)
40
80
120
fre
qu
en
cy
 (c
m
-1
)
2040
2050
2060
time / s
0 200 400 600 800
w
id
th
 (c
m
-1
)
10
20
30
40
A
B
C
jump to 0.20 V
F
G
E
cu
rre
nt
 (m
A
)
am
pl
itu
de
 (a
.u
.)
fre
qu
en
cy
 (c
m
-1
)
w
id
th
 (c
m
-1
)
am
pl
itu
de
 (a
.u
.)
fre
qu
en
cy
 (c
m
-1
)
w
id
th
 (c
m
-1
)
 
Figure 4.13.  Electrochemistry and kinetics of CO resulting from methanol decomposition on polycrystalline Pt with 
0.1M H2SO4 electrolyte and 0.1M methanol. A-D: Current, SFG amplitude, frequency and width of adsorbed CO, 
scanning the potential in both directions as indicated.  Blue line: the forward scan, red line: the backward scan.  E-G:  
Starting at 0.6 V, where the adsorbed CO is rapidly electro-oxidized and practically not present on the surface, the 
potential is suddenly jumped to 0.2 V.  The formation of the CO layer due to methanol decomposition occurs in 
about 20s.  The adsorbed CO molecules are redshifted and have a broader spectrum at shorter times when the 
adlayer coverage is low (F,G). 
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Figure 4.14. SFG spectra of the carbonyls formed during formic acid decomposition on a Pt(111) electrode in 0.1 M 
H2SO4 electrolyte containing 0.1M formic acid. The spectral position is typical of atop CO on the Pt(111) surface. 
Times at which the spectra have been recorded are from 0 to 496 s yielding HCOOH decomposition kinetics at three 
electrode potentials, -0.200, -0.025 and 0.225 V (vs. Ag/AgCl). 
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Figure 4.15. (A) Potential dependent SFG spectra of the symmetric OCO stretch from acetic acid adsorbed on a 
polycrystalline Pt electrode in 0.1M H2SO4 electrolyte with 0.01M acetic acid.  Each spectrum was acquired for 60 s 
(forward scan spectra shown only).  (B) A cyclic voltammetric curve for 0.1M H2SO4 electrolyte with 0.01M acetic 
acid solution between 0 V to 1.0 V at 1 mV/s with the superimposed amplitude - electrode potential plots (vs. RHE) 
in forward and backward directions.  (C) Stark tuning data for acetic acid adsorption on platinum. 
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Figure 4.16. Potential dependent SFG spectra (A) and the Stark tuning plot (B) from chemisorbed CO on Pt 
nanoparticles in CO saturated 0.1M H2SO4 electrolyte. Each spectrum was acquired for 10 s (forward scan spectra 
shown only). The potential was scanned from -0.20 V to 0.70 V at 1 mV/s. Pt nanoparticles were of ca. 7 nm size, 
and were immobilized on an Au disk. 
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Figure 4.17.  Representation of the STM image of ruthenium spontaneously deposited on the Pt(111) surface.  The 
Ru coverage was ca. 0.2 ML. (Ru is in yellow on the figure and inset.) The inset indicates that a monoatomic Ru 
deposition predominates; the diatomic deposition is found only with 10% of the Ru deposit. 
31
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Figure 4.18. Voltammetric CO stripping from the Pt(111)/Ru electrode (Ru coverage ca. 0.2 ML) to a CO free 0.1 
M H2SO4 solution, showing small amount of air present in solution. The baseline voltammogram from Pt(111)/Ru 
after CO stripping is shown. Scan rate was 1 mV/s.  CO was adsorbed at 0 V for 5 min and was purged off from 
solution by Ar bubbling for 25 min. 
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Figure 4.19.  Potential dependent SFG spectra from atop CO on the Pt(111)/Ru electrode in 0.1M H2SO4 at 1 mV/s 
in 0.1M H2SO4 (see Figure 18).  Right abscissa shows scan potential for each spectrum. Spectra from Ru-Pt(111)-
CO and from Pt(111)/Ru-CO of the Pt(111)/Ru electrode are shown including the CO phase transition at > 0.17 V.  
Inset shows a blow up of SFG from Pt(111)/Ru-CO at 0.17 V. (The colors are used to highlight discrimination 
between each spectral lines.) 
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Figure 4.20. Potential dependent SFG spectra from the atop and multiply bonded CO on the Pt(111)/Ru electrode in 
0.1M H2SO4 at 1 mV/s (see Figure 18). Right abscissa shows scan potential for each spectrum. Data show 
disappearance of atop CO at lower potentials (ca. 0.26) than the multiply bonded CO (ca. 0.30 V). 
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Figure 4.21. BB-SFG spectra of CO on Pt(111)/Ru electrode in a CO saturated 0.1M H2SO4 solution made at the 
coverage of 0.35 ML (blue line). The acquisition time: 40 s; data taken at E = 0.17 V. Red line: SFG data with 
Pt(111)/Ru in CO-free 0.1M H2SO4. Notice high nonresonant SFG background 4) from the Pt(111)/Ru electrode in 
the supporting electrolyte. 
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CHAPTER 5 
BROAD-BAND SUM FREQUENCY GENERATION STUDY  
OF FORMIC ACID CHEMISORPTION ON A PT(100) ELECTRODE 
 
5.1 Notes and Acknowledgements 
 This chapter is adapted from a manuscript entitled “Broad-Band Sum Frequency 
Generation Study of Formic Acid Chemisorption on a Pt(100) Electrode” published in the 
Journal of Electroanalytical Chemistry in 2010 and appears here with permission.1 This paper 
demonstrates the capability of broad-band sum frequency generation when paired with 
electrochemistry to monitor the behavior of adsorbates on the electrode surface. In this 
instance, this vibrational technique was utilized to observe the progression of formic acid 
electrooxidation on the single crystal surface Pt(100).  
I would like to acknowledge Alexei Lagutchev, Dana D. Dlott, and Andrzej Wieckowski 
for their assistance, conversations, and support with the production of this manuscript. Helpful 
discussions with Carol Korzeniewski are also deeply appreciated. This work was supported by 
the Army Research Office under contract W911NF-05-1-0345 by the Army Research Office for 
funding through a MURI grant (DAAD19-03-1-0169) and by the Air Force Office of Scientific 
Research under contract FA9550-09-1-0163 (to DDD).  
 
5.2 Introduction 
Fundamental mechanisms of fuel cell electrochemistry remain poorly understood due to  
difficulties in probing the detailed behavior of fuel molecule electrochemical reactivity under well-
defined conditions.2 In this study we present detailed measurements of the electrochemical 
decomposition of formic acid on the low-index single-crystal Pt(100) electrode surface. With the 
recently renewed interest in formic acid as a viable fuel for fuel cells,  we have used the BB-
SFG technique to study the CO intermediates of the oxidation of formic acid on platinum 
3-5
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electrodes. In fuel cell applications, adsorption of CO causes a decrease in efficiency and 
activity and is the leading intermediate in the most common oxidation reactions. We have 
studied this CO species generated from both formic acid and CO-saturated media to observe a 
site conversion of the CO species on the Pt(100) surface with respect to the CO coverage 
(controlled by the HCOOH bulk concentration) and the electrode potential. These factors 
demonstrate the sensitivity of the BB-SFG technique to the CO adsorption and its capability to 
follow the CO site conversions on the electrode surface.
SFG is well known as an important spectroscopic method in electrochemistry and 
electrochemical surface science.6 Recently, we made an important advance by combining 
broadband SFG with a thin-layer electrochemical (TLE) apparatus,7-9 featuring a known and 
controlled electrolyte gap of  25 μm. Broadband SFG, which replaces the usual nanosecond or 
picosecond narrow-band infrared (IR) pulses with broadband femtosecond IR (BBIR) pulses, 
supports the rapid dynamic acquisition of high-quality SFG spectra over a range of IR 
frequencies with greatly improved signal-to-noise ratios. In this study we acquire spectra over 
the entire range of CO stretch frequencies that includes atop (terminal) CO near 2050 cm-1 and 
multiply-bonded CO in the 1700-1900 cm-1 range. In order to overcome IR absorption by the 
electrolyte layers, prior studies using SFG or reflection-absorption IR spectroscopies (RAIRS) 
utilized optical windows placed in contract with the electrode, resulting in a thin, nonuniform 
electrolyte layer. When the potential was scanned, such layers have significant ohmic drop 
deformation, which can distort the potential-coverage relationship.10 With our high-sensitivity 
SFG methods, we are able to use the TLE cell with a thicker, well-defined electrolyte layer, 
which has been shown to eliminate electrochemical distortions when scanning the potential 
rapidly enough (5 mV/s) with the TLE to minimize possibilities for chemical contamination.8 We 
have been able to show that unusual effects observed in earlier CO SFG measurements 
resulted from potential-coverage distortions that we now avoid.8 
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Adsorbed CO is of interest as an electrode poison in fuel cells and as a reaction 
intermediate. Although adsorbed CO has previously been observed as a reaction intermediate 
from HCOOH electrooxidation,11,12 our current studies show that the CO created by HCOOH 
decomposition on the Pt(100) surface at lower potentials (-0.2 V) differ significantly from CO 
adsorbed from solution. The studies also show that at higher potentials (>0.5 V) and in the 
presence of HCOOH fuel, CO is in steady-state. In other words, CO is destroyed by 
electrochemical oxidation and replenished by the decomposition of HCOOH fuel at equivalent 
rates. That is, we present real-time spectroscopic observations of the CO reaction 
intermediates, including the first SFG studies of CO in steady-state on a single crystal surface. 
 
5.3. Experimental Section 
All experiments were carried out at ambient temperature (21 ± 2 °C), and potentials were 
measured against a commercial Ag/AgCl electrode (BAS), and are reported versus this 
reference. The platinum single crystal (MaTeck) 6 mm in diameter was cut along the (100) 
orientation. The single-crystal electrode was prepared by annealing in a hydrogen/air flame, 
cooling in an Ar/H2 atmosphere, and dipping in ultrapure water as previously reported.13 After 
annealing the single crystals, a cyclic voltammogram (at 50 mV/s) was performed in clean 
electrolyte (0.1 M H2SO4) to test the electrode surface. Cyclic voltammetric and 
chronoamperometric measurements were carried out using a PAR 263A potentiostat through 
the Corrware software (Ametek) and were performed in either the electrolyte or the formic acid 
fuel solution (0.1 M HCOOH + 0.1 M H2SO4). All chemicals were used as received and were of 
the highest purity available including sulfuric and formic acid (GFS Chemicals), CO (Matheson, 
research purity) and Millipore water (18.2 MΩ, 3ppb TOC).  
The electrochemistry-SFG apparatus and the SFG-electrochemical cell have been 
described previously and allow for SFG and electrochemical measurements to be collected 
simultaneously.7-9,14 A block diagram of the laser apparatus is shown in Figure 5.1a, and the 
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CCD detector and the potentiostat were synchronized in an open-loop configuration by initiating 
the experiment with a common trigger.8,9 The broad-band IR pulses and narrow-band visible 
pulses at a repetition rate of 103 s-1 were 5 μJ and 20 μJ respectively, and were focused to a 
beam diameter of 400 μm. The spectral resolution, as determined by the width of the visible 
pulse, was 10 cm-1. An analysis of sample heating has been presented previously,8 and 
experiments where the repetition rate was reduced to 100 Hz confirmed that heating has 
negligible effects on the spectra produced in the experiments presented here. Measures were 
taken to ensure that both devices remained well synchronized throughout the duration of each 
SFG-electrochemistry run. 
Time streams of ppp polarized SFG spectra 8 were obtained at 200 ms intervals while 
scanning the potential at 5 mV/s vs. Ag/AgCl in a thin layer electrochemical cell. For each BB-
SFG spectra, the BB-IR input energy was focused to maximize either the atop or multi-fold 
transitions. To maximize the atop intensities, the BB-IR was centered between 4700 - 4900 nm 
(2041 - 2128 cm-1). In order to observe both the multi-fold and atop transitions, the BB-IR was 
centered between 5400 - 5600 nm (1786 – 1852 cm-1). Differences in the tuning of the BB-IR 
centers for each data set are due to normal fluctuations in laser intensity across multiple days. 
The BB-SFG spectra have been presented on the same intensity scale (counts per second) with 
an offset added for ease of data visualization in order to separate the individual spectra 
vertically. The peaks were fit to ensure that the CO spectra followed the expected values for CO 
BB-SFG analyses as previously reported,8 although only the unfitted data are shown.  
The thin-layer electrochemical (TLE) cell is shown in Figure 1b and its cross-section in 
Figure 5.1c. The base was made of Kel-F and glass with a MgF2 as the optical window. The 
Pt(100) working electrode (described above) was placed inside a glass holder, and a 25 μm 
thick Teflon spacer was placed between the electrode and the MgF2 window. The glass holder 
was used as a plunger to compress the spacer between the electrode and the optical window to 
create a uniform electrolyte layer of known thickness. 
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Electrooxidative CO stripping experiments were preformed separately in a clean three 
electrode electrochemical cell to determine the CO coverages, θCO, in similar environments as 
are examined through SFG. The CO was adsorbed onto the surface, either by dosing the 
sulfuric acid electrolyte with CO(g) or from 0.1 M HCOOH solution, at a constant potential, with 
the previously described potentiostat, for ten minutes. Stripping cyclic voltammograms were 
performed in argon purged clean electrolyte. θCO is calculated by integrating the area under the 
stripping peak, and the contribution due to anion adsorption is subtracted from these values. 
The anion contribution is calculated by integrating the charge displacement peak of sulfate by 
CO with the electrode in the meniscus configuration during the chronoamperometric scan at the 
studied potential.  
 
5.4. Results and Discussion 
In acidic media, CO is formed on Pt(100) surfaces from adsorbed HCOOH by the 
decomposition reaction,15 
HCOOH + Pt → Pt-CO + H2O       (5.1) 
while the current in a HCOOH fuel cell is generated by the fuel cell reaction,15 
HCOOH  → CO2 + 2H+ + 2e-        (5.2)  
A cyclic voltammogram of the clean Pt(100) electrode in 0.1 M H2SO4 (Figure 5.2a) 
demonstrates the high quality of the Pt surface and absence of chemical contamination. The 
forward scan in Figure 5.2b with 0.1 M HCOOH fuel added to the electrolyte15-21 shows that the 
adsorbed CO created by HCOOH decomposition at -0.2 V undergoes oxidation above 0.5 V 
(together with oxidation of the bulk HCOOH). The reverse scan in Figure 5.2b shows the larger 
current generated by the fuel cell reaction, along with an oscillation near 0.35 V. Oscillations are 
frequently observed with Pt(100) electrodes in HCOOH media.22-24 
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BB-SFG data sets were collected in duplicate and averaged, as displayed in Figures 5.3 
and 5.4, showing atop and multiply-bonded transitions, which can include bridge (twofold), 
threefold, and fourfold transitions (spectral descriptions are found in Table 5.1). Previous work 
on the 111 surface has shown a threefold transition near 1790 cm-1,25-27 but in the case of a 100 
surface, perhaps a fourfold designation would be more appropriate.28,29 
In Figures 5.3a and 5.4a, the atop CO transitions were maximized by the BB-IR focus. 
Figures 5.3b and 5.4b are panoramic spectra where the multi-bound transitions were 
maximized, yet the atop transitions are prominent, even at this BB-IR focus. Signals arising from 
the atop sites are near the high-frequency tail of the BB-IR pulse spectrum, which suppresses 
the atop intensities. The actual atop intensities are notably increased when the BB-IR pulses are 
tuned to maximize atop intensities, as shown in Figures 5.3a and 5.4a. Scale bars have been 
added to the spectra to compare intensities between graphs for each BB-IR center.  
Figure 5.3 shows the spectra of CO created from HCOOH fuel rather than from CO-
saturated solution. At -0.2 V the proportion of atop CO to multiply bound CO is significantly 
larger, and all bands are significantly broader. Bridge and fourfold bands overlap, and there is a 
broad feature in the 1900-2100 cm-1 region between atop and multiply-bonded bands. The 
proportions of atop:bridge:fourfold species derived from SFG intensities from Figure 5.3a for the 
atop transitions and Figure 5.3b for the multi-fold transitions are more difficult to determine due 
to spectral congestion, but a rough estimate at -0.2 V is 1: 0.6: 0.7. As the potential was 
increased above 0.1 V, the bridge transition disappears entirely. The loss of bridge intensity is 
accompanied by a ~30% increase in atop intensity, indicating bridge-to-atop CO conversion.   
At low potentials (near  that of hydrogen evolution) there is an atop CO-type transition at 
ca. 2050 cm-1 and a broad multiply-bonded transition at ca. 1820 cm-1. The broad transition 
consists of two peaks, one is a fourfold CO with a frequency around 1800 cm-1 and another 
higher frequency transition (ca. 1850 cm-1) which disappears at 0.1 V (Figure 5.3b). The 
intensity of the atop signal, that displays a regular Stark shift of ca. 40 cm-1 V-1,  in Figure 5.3a is 
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more than double the intensity of the broad multiply-bonded transition shown in Figure 5.3b, 
demonstrating the dominance of atop CO at all potentials until oxidation ca. 0.7 V. In a prior 
study by Iwasita et al. using RAIRS with an electrode directly contacted to the optical window, 
HCOOH decomposition on Pt(100) was interpreted as beginning with bridge-bonded CO 
generation at lower (0.05-0.2V vs. RHE) potentials followed by a bridge-to-atop conversion 
above 0.25 V vs. RHE while only atop CO was observed at the CO stripping potential ~0.7 V vs. 
RHE.15 Unlike the study by Iwasita, the CO on the surface as studied with BB-SFG did not show 
any preference for only atop or only bridge at the potentials studied. Site interconversion did 
occur, as was observed by shifts in peak intensity, but overall, multiple sites were occupied 
throughout the potential scan until all CO was oxidized. This multi-site dominance as observed 
with BB-SFG can be attributed not only to a well-ordered surface 30 but also a dependence upon 
CO coverage, θCO.29,31  
Both site occupation and wavenumber shift are dependent upon θCO.32 Using IR-RAS 
with CO doped on Pt(100), Chang et al. showed at high θCO (saturation coverage ~ 0.85), both 
atop and bridging CO were present at low potentials (-0.25 V vs. SCE), but as the surface was 
scanned, the bridging CO vanished and atop CO was dominant until it was oxidized upon the 
surface.31 The bridge and atop CO were roughly equal in intensity at low potentials for both low 
(θCO ~ 0.25) and intermediate (θCO ~ 0.6) CO coverages, but as the potentials were scanned, 
atop-bound CO became more prominent for intermediate coverage and bridging for low θCO.31  
As observed with the CO from HCOOH solution (Figure 5.3), the behavior of the adsorbed CO 
from HCOOH in the BB-SFG spectra is similar to the IR-RAS studies of high or intermediate CO 
coverage. To better understand the effect of θCO during a potential scan, θCO was determined by 
electooxidative stripping (Table 5.2). For lower potentials, θCO is near saturation for both CO 
adsorbed from gas and in HCOOH solution, but, as expected, the coverage decreases as the 
potential increases.  
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It is interesting to note that the CO stripping data from Table 5.2 closely correspond with 
the BB-SFG data. For the CO-saturated electrolyte, the intensity of the SFG spectra implies that 
the coverage is less than saturated as the intensity of the atop and multiply-bonded transitions 
are similar.33 While the coverage of the CO obtained from CO-saturated solutions is only 
detected below 0.5 V, the situation with HCOOH is different. Namely, the BB-SFG spectra and 
CVs from HCOOH show surface CO up to 0.7 V, indicating the CO product stability (the CO at 
the steady-state). After the initial CO on the surface is oxidized, the steady-state CO is 
produced as the adsorption sites on the electrode are replenished by oxidation of HCOOH in the 
thin layer to CO. This steady-state CO is produced until the potential is sufficiently high that all 
CO is oxidized from the surface. When the potential is swept in the reverse direction, the 
accumulation of CO from HCOOH is not observed via BB-SFG on a well-ordered Pt(100) 
surface, even though HCOOH could diffuse back into the 25 μm gap after initial HCOOH 
electrooxidation. The steady-state CO is also not observed in the electrochemical stripping data 
as the CV is taken in clean electrolyte, thus eliminating the ability of the CO to be replenished by 
oxidation of the fuel. 
In the BB-SFG spectra (Figures 5.3 and 5.4), the multiply-bonded peak at 0.4 V for CO 
from saturated solution and the peaks at 0.6 V and 0.7 V in HCOOH solution (near 1800 cm-1) 
broaden prior to oxidation. The intensity of the multiply-bonded peak in CO-saturated solution 
increases immediately prior to oxidation. This could be indicative of a phase transition of CO on 
the Pt(100) surface from 1x1 to a (√2x√2)R45° structure,34 similar to the Pt(111) surface prior to 
oxidation.7 However, in HCOOH solution, the present data do not suggest the presence of a 
phase transition. The multiply-bonded broad peak from HCOOH solution does not increase in 
intensity, as has been seen previously with surface phase transitions,7 nor does the frequency 
undergo a large shift (15 cm-1) at the bridge site, as was seen by Martin et al. upon surface 
structure conversion.34 Thus, the broadening of the bridge and atop peaks seen in the HCOOH 
BB-SFG spectra between 0.5 and 0.8 V would be due to steady-state CO with the atop position 
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oxidized before those at bridge sites. At these potentials, not only is the coverage decreasing 
before the surface is fully oxidized, allowing the bridge site to be more favorable,31 but 
decreased CO coverage also allows for adsorption of other surface species, such as OH, 
changing the bridging peak profile.6 However, retention of this species is due to the 
replenishment of CO from the fuel, as is seen when compared to CO-saturated electrolyte. 
With CO-saturated electrolyte (Figure 5.4), surface adsorbed CO at -0.2 V shows three 
distinct bands, the atop and two multiply-bonded bands. Although vibrational spectroscopy 
alone does not provide definitive adsorbate geometries, on the basis of prior studies and the 
ansatz that larger coordination numbers are associated with lower CO frequencies, we have 
assigned the higher-energy band at 1880 cm-1 to bridge CO,16 and the lower-energy band at 
1790 cm-1 to CO at, or more likely near, the edge of a fourfold hollow.29 In SFG measurements 
with minimal non-resonant background, the SFG intensity of the atop peak is proportional to the 
square of the analyte concentration,14 provided no significant changes in either molecular 
orientation or surface electronic structure do occur.7 Within this approximation for CO deposited 
on Pt(100) from CO-saturated solution at -0.2 V, the estimated proportions of 
atop:bridge:fourfold species derived from SFG intensities are 1: 1.2: 1.4. As the potential was 
increased to 0.3 V, the bridge intensity decreased by about one-half while the atop and fourfold 
intensities did not change appreciably. Above 0.4 V CO was stripped from the surface. 
Comparisons of Figures 3 and 4 show that with CO deposited from CO-saturated solution, the 
atop peak intensities are approximately equal to the multiply-bonded intensities. However, with 
CO created by HCOOH oxidation, the atop intensities at potentials <0.5 V, where CO is not 
oxidized, are about twice as large as the observed multiply-bonded intensities.  
As seen in Figure 5.4, CO on the Pt(100) surface is readily oxidized at potentials above 
0.4 V. Therefore the CO spectra with HCOOH present in Figure 5.3 above ~0.5 V (see Figure 
5.2b) represent CO in steady-state. The steady-state CO is oxidized on the surface and 
replenished from HCOOH fuel until all fuel near the electrode is exhausted. At the sweep rate of 
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5 mV/s in our TLE cell, the nearby fuel is exhausted when the potential reaches 0.8 V although 
this is dependent on a combination of cell geometry, potential sweep rate and HCOOH 
concentration. The SFG spectra in Figure 5.3 at 0.6 and 0.7 V are thus characteristic of steady-
state CO reaction intermediates. Compared to SFG spectra of CO deposited at lower potentials, 
the atop band is smaller and the multiply-bonded band has a noticeably different shape, with 
increased intensity on the higher-energy side near 1890 cm-1. These spectra confirm that the 
vibrational behaviors of adsorbed CO in steady-state are quite different from a static CO layer 
(Figure 5.5). In particular the spectra for the steady-state CO, at 0.6 and 0.7 V (red triangles 
with an asterisk in Figure 5.5), are broader than other bridge CO adsorbates, and the CO 
appears to populate fewer atop sites and more sites with transition frequencies in the range 
attributed to bridge CO (red triangles in Figure 5.5). The signals arising from bridging and atop 
CO from CO-saturated solution (blue symbols) are observed at higher frequencies than those 
for CO from HCOOH solution (red symbols). Additionally, bridging and multiply-bonded CO 
transitions from HCOOH solution have a pseudo negative slope prior to the disappearance of 
the multiply-bonded state due to chemical transformation from a mixed-bonded state to a single 
CO form. The multiply-bonded CO transitions from CO-saturated solution, however, only slightly 
vary in frequency prior to the oxidation of CO from the Pt surface, and all CO from CO-saturated 
solution is removed at potentials > 0.4 V.   
 
5.5. Conclusions 
 This study demonstrates the ability of broadband SFG to simultaneously monitor multiple 
surface adsorbed forms of CO on an electrode in real-time during a dynamic potential scan 
without the distortions introduced by a minimal electrolyte gap. The spectra of steady-state 
reaction intermediates were observed under conditions where the chemistry is well-controlled. 
The CO on a Pt(100) surface created by HCOOH decomposition at lower potentials exists in a 
much broader range of geometries and populates more atop sites than CO deposited from CO-
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saturated solutions. At intermediate potentials around 0.3 V, a bridge-to-atop conversion was 
observed, as previously observed by IRAS,15 but our observations differ qualitatively in several 
ways. IRAS observed CO oxidation solely from atop sites and not fourfold CO as was detected 
in these experiments. These differences are likely to arise from the electrolyte-window contact 
used in IRAS. Above 0.5 V, CO is readily oxidized, and SFG spectra of steady-state CO 
deposited from HCOOH at these higher potentials show higher intensities in the bridge region. 
Overall, we have detected two types of surface transformations. The higher frequency 
CO transforms to (predominantly) fourfold CO and to the linear bonded CO (above -0.2 V). The 
latter behavior is in agreement with the earlier findings by Iwasita et al.15 Also, above 0.5 V, the 
fourfold CO transforms to a broad “bridge-bonded CO” measured at higher frequency.  
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5.7 Tables and Figures 
. 
 
 
Spectral Position Spectral Frequency  (cm-1) 
Atop ~2030-2090  33 
Bridge ~1840-1880  35 
Threefold ~1760-1790  26 
Fourfold ~1820  29 
 
 
Table 5.1. CO spectral positions and their frequencies on platinum. 
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E (V vs. Ag/AgCl) θCO (HCOOH) θCO sat
-0.2 0.56 0.71 
-0.1 0.73 0.71 
0 0.72 0.71 
0.1 0.82 0.72 
0.2 0.58 0.68 
0.3 0.44 0.60 
0.4 0.22 0.44 
0.5 -- 0.14 
0.6 -- -- 
 
Table 5.2. Calculated CO coverages, θCO, from electrooxidative CO stripping experiments. θCO (HCOOH): CO from the 
oxidation of 0.1 M HCOOH in 0.1 M H2SO4 and θCO sat: from CO-saturated 0.1 M H2SO4. Stripping charges needed 
to calculate the CO coverages were obtained in clean 0.1 M H2SO4 electrolyte and have been corrected for anion 
contributions. 
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Figure 5.1. (a)  Block diagram of the SFG laser system. Key:  BBIR:  broad band femtosecond infrared pulses. 
NBvis: narrow-band visible picosecond pulses. BS:  beam splitter. FPE:  Fabry-Perot étalon. (b)  Thin-layer 
electrode (TLE) optical cell with associated optics. (c) TLE cell with 25 μm spacer. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2. Cyclic voltammograms of the Pt(100) electrode in the meniscus configuration.  (a)  0.1 M H2SO4 at 50 mV/s.  (b)  0.1 M H2SO4 with 0.1 M 
HCOOH added at 5 mV/s.
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Figure 5.3. (a), (b) SFG spectra of CO from 0.1 M HCOOH fuel in 0.1 M H2SO4 electrolyte on Pt(100) with the 
potential scanning at 5 mV/s. In (a) the laser maximizes the atop signals, in (b) the laser maximizes the 1700-1900 
cm-1 multiply-bonded signals. Atop intensities are about one-half the multiply-bonded intensities. At potentials <0.5 
V when CO is not oxidized, the atop intensities are about twice the multiply-bonded intensities. 
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 Figure 5.4. (a), (b) SFG spectra of CO from CO-saturated 0.1 M H2SO4 electrolyte on Pt(100) with the potential 
scanning at 5 mV/s. In (a) the laser maximizes the atop signals, in (b) the laser maximizes the 1700-1900 cm-1 
multiply-bonded signals. Atop intensities are slightly less than the multiply-bonded intensities. 
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Figure 5.5. BB-SFG CO frequency shifts as the electrode potential is scanned. The red symbols represent CO from 
HCOOH solution, and the blue symbols are from CO-saturated solution. Squares represent atop CO, while the 
triangles represent bridge-bonded CO, and the circles are multiply-bonded CO. All CO from CO-saturated solution 
is oxidized at potentials > 0.4 V. The multiply-bonded and bridge-bonded CO from HCOOH solution have a pseudo 
negative slope prior to the disappearance of the multiply-bonded state due to chemical transformation of mixed to a 
single CO form at potentials  ≥ -0.2 V. Red triangles at 0.6 and 0.7 V are denoted by an asterisk and correspond to 
steady-state CO (CO which is replenished by the fuel at higher potentials). 
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CHAPTER 6 
BB-SFG STUDIES OF FORMIC ACID OXIDATION ON POLYCRYSTALLINE PLATINUM,  
AS COMPARED TO PT(100) 
 
6.1 Notes and Acknowledgements 
This chapter demonstrates the capability of broad-band sum frequency generation 
paired with electrochemistry to monitor the behavior of adsorbates on the electrode surface. 
This vibrational technique was utilized in this work to observe the progression of formic acid 
electrooxidation on polycrystalline platinum, and compare these results with that of CO-
saturated electrolyte and the single crystal surface Pt(100) in perchloric acid.  
I would like to acknowledge Prabuddha Mukherjee, Björn Braunschweig, Alexei 
Lagutchev, Dana D. Dlott, and Andrzej Wieckowski for their assistance, conversations, and 
support with this work. This work was financially supported by the Army Research Office under 
contract W911NF-05-1-0345 by the Army Research Office for funding through a MURI grant 
(DAAD19-03-1-0169) and by the Air Force Office of Scientific Research under contract FA9550-
09-1-0163 (to DDD).  
 
 
6.2 Introduction 
  
Formic acid has been studied extensively as an alternative to methanol in fuel cells, and 
as a model reaction for the oxidation of small organic molecules at electrode surfaces. The 
oxidation of formic acid is generally accepted to follow a triple-pathway mechanism. One 
pathway leads to the direct oxidation of formic acid to CO2, another progresses via an adsorbed 
formate intermediate and the third pathway contains a poisoning intermediate.1,2 The poisoning 
intermediate in the third pathway is agreed to be adsorbed CO, but the exact mechanisms of the 
oxidation process are still poorly understood. In this study, we present detailed measurements 
of CO from CO-saturated electrolyte as well as the electrochemical decomposition of formic acid 
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on the polycrystalline platinum in both sulfuric and perchloric acids electrochemically and 
spectroscopically in order to elucidate the mechanism of formic acid oxidation on the electrode 
surface.  
With the recently renewed interest in formic acid as a viable fuel for fuel cells,  we have 
used the BB-SFG technique to study the CO intermediates of the oxidation of formic acid on 
platinum electrodes. 
3-5
Platinum electrodes are universally used and exhibit high reactivity in 
oxidizing formic acid. In fuel cell applications, adsorbed CO continues to be of interest as an 
electrode poison in fuel cells and as a reaction intermediate.6 Although adsorbed CO has 
previously been observed as a reaction intermediate from HCOOH electrooxidation,2,7,8 our 
previous studies show that the CO created by HCOOH decomposition on the Pt(100) surface at 
lower potentials (-0.2 V vs. Ag/AgCl) differ significantly from CO adsorbed from solution and 
forms a steady-state intermediate on the surface.9  
Traditional electrochemical methods, such as chronoamperometry and cyclic 
voltammetry, allow for the electrochemical study of surface reactions but do not offer molecular 
specificity to identify what species are adsorbing on the surface. In order to fully understand 
mechanistic aspects of surface reactions such as the oxidation of formic acid, the use of 
spectroscopic methods are required. Here, broad-band sum frequency generation (BB-SFG), a 
surface specific technique,10 was coupled with electrochemical methods to determine the role of 
surface CO and confirms that the kinetics and extent of CO poisoning on electrode surface is 
potential dependant. 
 
6.3. Experimental 
6.3.1 Polycrystalline Platinum and Pt(100) Working Electrodes. All experiments were 
carried out at ambient temperature (21 ± 2 °C), and potentials were measured against a 
commercial Ag/AgCl electrode (BAS, [Cl-] = 3 M), and are reported versus this reference. A 
polycrystalline platinum electrode (MaTeck) 6 mm in diameter was used as the working 
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electrode. To prepare the electrode for electrochemical and spectroscopic measurements, the 
surface was cleaned with a fast scan cyclic voltammogram (CV), where the electrode was 
cycled multiple times from the hydrogen evolution region to the oxide formation region to clean 
the surface of adsorbates at a scan rate of 200 mV/s. This cycling was repeated until the 
surface was stable. After the cleaning process, another cyclic voltammogram at a scan rate of 
50 mV/s was performed in clean electrolyte (0.1 M H2SO4 or 0.1 M HClO4) to test the electrode 
surface.  
A platinum single crystal (MaTeck) 6 mm in diameter was cut along the (100) orientation. 
The single-crystal electrode was prepared by annealing in a hydrogen/air flame, cooling in an 
Ar/H2 atmosphere, and protecting the surface with ultrapure water as previously reported.11 After 
annealing, a cyclic voltammogram (at 50 mV/s) was performed in clean electrolyte (0.1 M 
HClO4) to test the electrode surface.  
Cyclic voltammetric and chronoamperometric measurements for both platinum 
electrodes were carried out using a PAR 263A potentiostat through the Corrware software 
(Ametek) and were performed in either the electrolyte or a formic acid fuel solution (0.1 M 
HCOOH in 0.1 M H2SO4 or 0.1 M HClO4). The surface charge area was calculated by integrating 
the background CV in sulfuric acid to determine the actual electrode surface area.11 Typical 
voltammograms for polycrystalline platinum in sulfuric acid (black line) and perchloric acid (red 
line) are shown in Figure 6.1 and in Figure 6.2 for Pt(100) in 0.1 M HClO4. Both are consistent 
with previously reported results.12 
6.3.2 Chemicals and Other Experimental Conditions. All chemicals and gases were used as 
received and were of the highest purity available including sulfuric, perchloric, and formic acid 
(GFS Chemicals), CO (Matheson, research purity), UHP Ar (SJ Smith) and Millipore water (18.2 
MΩ, 3ppb TOC). All glassware was acid cleaned prior to use, and all solutions were prepared 
with ultrapure water (Millipore Milli-Q water, 18.2 MΩ, 3 ppb TOC) and deaerated with Ar prior to 
use.  
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6.3.3 Electrochemical Methods. The electrochemistry-SFG apparatus and the SFG-
electrochemical cell have been described previously and allow for SFG and electrochemical 
measurements to be collected simultaneously.13-16 A block diagram of the laser apparatus is 
shown in Figure 6.3a, and the CCD detector and the potentiostat were synchronized in an open-
loop configuration by initiating the experiment with a common trigger.15,16 The broad-band IR 
and narrow-band visible lasers were pulsed at a repetition rate of 103 s-1, with a pulse power of 
5 µJ and 20 µJ respectively, and were focused to a beam diameter of ~300 µm. The spectral 
resolution, as determined by the width of the visible pulse, was 10 cm-1. An analysis of sample 
heating has been presented previously,15 and experiments where the repetition rate was 
reduced to 100 Hz confirmed that heating has negligible effects on the spectra produced in the 
experiments presented here. Measures were taken to ensure that both devices remained well 
synchronized throughout the duration of each SFG-electrochemistry run. 
Time streams of ppp polarized SFG spectra15 were obtained at 200 ms intervals while 
scanning the potential at 5 mV/s vs. Ag/AgCl in a thin layer electrochemical cell. For each BB-
SFG spectra, the BB-IR input energy was focused to maximize either atop or multi-fold 
transitions. To maximize atop intensities, the BB-IR was centered between 4700 - 4900 nm 
(2041 - 2128 cm-1). In order to observe both multi-fold and atop transitions, the BB-IR was 
centered between 5400 - 5600 nm (1786 – 1852 cm-1). Differences in the tuning of the BB-IR 
centers for each data set are due to normal fluctuations in laser intensity across multiple days. 
The BB-SFG spectra have been presented on the same intensity scale (counts per second) with 
a vertical offset added to ease data visualization in order to separate the individual spectra. 
Scale bars have been added to the spectra to compare intensities between graphs for each BB-
IR center. The peaks were fit to ensure that the CO spectra followed the expected values for CO 
BB-SFG analyses as previously reported,15 although only the unfitted data are shown. Some 
BB-SFG spectra were smoothed using 5 point Savitzky-Golay procedure in Origin 8 and are 
labeled as such.17 
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The thin-layer electrochemical (TLE) cell is shown in Figure 6.3b and its cross-section in 
Figure 6.3c. The base was made of Kel-F and glass with a MgF2 as the optical window. The 
polycrystalline Pt working electrode (described above) was placed inside a glass holder, and a 
25 μm thick Teflon spacer was placed between the electrode and the MgF2 window. The glass 
holder was used as a plunger to compress the spacer between the electrode and the optical 
window to create a uniform electrolyte layer of known thickness (25 µm). 
 
6.4 Results and Discussion 
6.4.1 CO-saturated Electrolyte on Polycrystalline Platinum. In both sulfuric and perchloric 
acid electrolytes, the vibrational behavior of CO has been investigated on polycrystalline 
platinum via BB-SFG as a function of applied potential. As is seen from the cyclic 
voltammogram of the polycrystalline surface in both electrolytes (Figure 6.1), little difference is 
observed in structure despite the difference in the anionic strengths of the electrolyte, as was 
reported previously for a polycrystalline surface.18-20 Due to this, electrochemical techniques 
solely do not give the intrinsic details of the behavior of adsorbates at the electrode/electrolyte 
interface, and the use of spectroscopic techniques is essential. Here, we utilize BB-SFG, as an 
interface specific technique to detect differences in the adsorbed species by their vibrational 
transitions. Based upon the cyclic voltammograms in clean electrolyte, little difference would be 
expected in a CO-saturated electrolyte. In fact, little difference is seen in the two electrolytes 
when only examining CO adsorbed at atop sites (~2050 cm-1) (Figure 6.4). In 0.1 M sulfuric acid 
(Figure 6.4a), COads oxidizes above 0.5 V vs. Ag/AgCl. Where in 0.1 M perchloric acid (Figure 
6.4b), oxidation occurs above 0.6 V. For both electrolytes, the COads signal broadens prior to 
oxidation at the surface. This broadening of the peak is due to inhomogeneous broadening. As 
the adsorbate coverage is less at higher potentials, the dipole-dipole interaction between the 
CO molecules is weaker.21 A more distinctive peak is also present at ~1920 cm-1 in perchloric 
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acid that is not observed in sulfuric acid electrolyte. The exact nature of this peak is not currently 
known and is still under investigation via BB-SFG.  
When the BB-IR beam was focused on bridging sites (~1850 cm-1), differences in the 
BB-SFG spectra between the electrolytes were clearly observed. In sulfuric acid electrolyte, the 
occupation of both atop and bridging sites at all potentials below 0.4 V (prior to oxidation above 
this potential) was observed (Figure 6.5a). Signals arising from atop sites are near the high-
frequency tail of the BB-IR pulse spectrum, which suppresses the atop CO peak intensities. The 
actual atop intensities are notably increased when the BB-IR pulses are tuned to maximize atop 
intensities, as is shown in Figures 5.3a and 5.4a. Bridging CO on polycrystalline platinum in 
sulfuric acid had not been previously observed using SFG22 but has been observed using ATR-
SEIRAS.23 In perchloric acid only atop transitions are present (Figure 6.5b), and a slight 
broadening of the peak occurs at 0.5 V prior to oxidation. However, with ATR-FTIR, bridging CO 
was seen in perchloric acid at potentials above 0.45 V vs. RHE24,25 and continued to remain 
adsorbed to the surface at potentials much higher than we observed for a CO-saturated 
solution. In perchloric acid, the atop CO was slightly more stable as it was oxidized at 0.6 V, 
compared to 0.5 V in sulfuric acid. As (bi)sulfate is a more strongly adsorbing anion than 
perchlorate and can form ordered layers on an electrode surface,26,27 these BB-SFG spectra 
suggest that the atop site is more favorable at high CO coverages (saturation) on polycrystalline 
platinum, as it is the only site occupied in CO-saturated perchloric acid.  
6.4.2 HCOOH oxidation on Polycrystalline Platinum. When formic acid was added to the 
acid electrolytes, similar trends were observed via BB-SFG, when compared to the CO-
saturated electrolyte. In a 0.1 M HCOOH + 0.1 M H2SO4 fuel solution, both atop and bridging 
sites were dually occupied until the surface was oxidized above 0.7 V (data not shown). CO was 
further stabilized on the surface, as compared to CO-saturated electrolyte, due to the formation 
of steady-state CO. As HCOOH continued to be oxidized in the thin-layer gap, CO continued to 
be formed and re-adsorbed upon the electrode surface, creating a steady-state condition.9  
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 HCOOH concentration studies were performed in 0.1 M perchloric acid electrolyte. 
Three formic acid concentrations (50, 100, and 200 mM) were examined with BB-SFG to study 
the effects of fuel concentration on the oxidation reaction. At each concentration, only the 
transition associated with CO at atop sites were detected in perchloric acid, similar to as in the 
CO-saturated electrolyte. For 50 mM formic acid, complete oxidation was achieved above 0.6 V, 
only 0.1 V after that of CO-saturated electrolyte. In a 100 mM HCOOH + 0.1 M HClO4 solution, 
the surface was fully oxidized, including steady-state CO, above 0.7 V. However, the CO did not 
oxidize at a concentration of 200 mM HCOOH, even up to a potential of 1.1 V (Figure 6.6). At 
this concentration, the fuel was in greater concentration than the supporting electrolyte, and the 
surface was fully passivated by COads requiring a greater amount of adsorbed OH or other 
oxygen species at higher potentials to oxidize the COads to CO2.23,28,29 
 Furthermore, it was observed that a CO species re-adsorbed onto the surface of the 
polycrystalline electrode when the potential was scanned in the reverse direction. This 
observation occurred in both electrolyte/fuel solutions on polycrystalline platinum. The nature of 
this phenomenon is not yet fully understood, as the return of CO on the electrode surface was 
not observed in the CO-saturated media. The return of CO on the reverse scan in formic acid 
solution could be due to the nature of the thin layer gap, as the formic acid fuel is depleted upon 
oxidation on the forward scan, unlike in a flow cell.30-32 As the potential is scanned in the reverse 
direction, the fuel diffuses back into the gap as a result of a concentration gradient and is 
oxidized to once again form surface CO. It is interesting to note that this behavior was not 
observed with the well-ordered Pt(100) surface9 but only on polycrystalline and disordered 
platinum surfaces. 
6.4.3 Comparison with Pt(100) in HClO4. A cyclic voltammogram of the clean Pt(100) 
electrode in 0.1 M HClO4 (Figure 6.2) demonstrates the high quality of the Pt surface and 
absence of chemical contamination taken prior to BB-SFG measurements. Unlike the 
polycrystalline platinum BB-SFG data (Figure 6.5b), the Pt(100) single crystal electrode BB-SFG 
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data demonstrates the dual occupation of both atop and bridging sites for CO-saturated 
perchloric acid at all potentials prior to complete oxidation (Figure 6.7a). On Pt(100), the CO 
coverage (θCO) appears to be lower than that on polycrystalline platinum. From CO stripping in 
CO-saturated 0.1 M HClO4, θCO is about 0.8 monolayers (ML) on Pt(100) at potentials between 
-0.2 V and 0.1 V. A θCO value of 0.8 ML is near saturation for the Pt(100) surface,33 so the 
coverage is similar to that on polycrystalline platinum. For platinum electrodes, there is a 
stabilization of CO in the bridging position due to a backdonation into the 2π* CO orbitals,34-36 
but site occupation is also coverage dependent.37 For high coverages, bridging CO is typically 
only found at lower potentials on Pt(100) even at saturation coverage.38,39 In this study, 
however, bridging CO was observed at all potentials. This difference is either due to the CO 
coverage decreasing as the potential is scanned, or as a result of the nature of our BB-SFG 
setup which allows the focusing of the BB-IR on the bridging sites, a weaker transition than 
atop, thus increasing the sensitivity of the measurements to transitions of CO at the bridging 
sites.   
Figure 6.7b shows the spectra of CO created from HCOOH fuel rather than from CO-
saturated solution. At -0.2 V, the proportion of bridge CO to atop CO is significantly larger. As 
the potential was increased to -0.1 V, the bridge transition converts to fourfold sites on the 
Pt(100) surface, and the atop transitions increase in intensity. As the potential continues to 
increase, both the atop and fourfold sites are occupied, but the atop signal increases as the 
fourfold decreases, indicating a mulitfold-to-atop CO conversion, similar to the previous work by 
Iwasita et al. 8 At potentials above 0.2 V, only the CO at atop sites remain until they are oxidized 
at 0.6 V. These site transitions were also seen with the electrochemical IRRAS by Chang et al.40  
and are similar to the HCOOH data (Figure 6.7b) observed in this study for an intermediate 
coverage but not for high coverages in CO-saturated solution (Figure 6.7a). 
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6.5 Conclusions 
 Broad-band sum frequency generation spectroscopy (BB-SFG) was able to detect CO 
adsorbate site transitions not previously observed with other infrared techniques. BB-SFG was 
utilized to obtain vibrational spectra of CO adsorbates produced from formic acid oxidation and 
CO-saturated solution on a polycrystalline platinum electrode and compared with that of a 
Pt(100) electrode in acidic media. The BB-SFG simultaneously monitored all forms of the CO 
intermediates, including steady-state, as the potential was scanned at 5 mV/s. Spectra were 
compared between CO adsorbed from a CO-saturated electrolyte and HCOOH solution in both 
sulfuric and perchloric acid.  In sulfuric acid, both atop and bridge CO transitions were present 
on the polycrystalline electrode for CO from CO-saturated solution and HCOOH. In perchloric 
acid, only atop sites were occupied on the polycrystalline platinum. The Pt(100) electrode had 
both the atop and bridge transitions in perchloric acid for CO-saturated media, but distinct 
atop/bridge/fourfold transitions for CO from HCOOH. These measurements show that BB-SFG 
can observe potential-dependent interconversion of different CO forms on the electrode surface 
and can measure steady-state reaction intermediates on a surface in real time. 
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6.7 Figures 
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Figure 6.1. Cyclic voltammograms of polycrystalline platinum in the meniscus configuration in 0.1 M H2SO4 (black 
line) and 0.1 M HClO4 (red line). Scans were at a scan rate of 50 mV/s.  
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Figure 6.2. Cyclic voltammograms of Pt(100) in the meniscus configuration in 0.1 M HClO4. Scan rate was 50 
mV/s.  
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Figure 6.3. (a)  Block diagram of the SFG laser system. Key:  BBIR:  broad band femtosecond infrared pulses. 
NBvis: narrow-band visible picosecond pulses. BS:  beam splitter. FPE:  Fabry-Perot étalon. (b)  Thin-layer 
electrode (TLE) optical cell with associated optics. (c) TLE cell with 25 μm spacer. 
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Figure 6.4. BB-SFG spectra of polycrystalline platinum in CO-saturated electrolyte: a) 0.1 M H2SO4 and b) 0.1 M HClO4. For each set of graphs, the BB-IR 
focus is at 4800 nm (2083 cm-1) to center on atop frequencies.  
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Figure 6.5. BB-SFG spectra of polycrystalline platinum in CO-saturated electrolyte: a) 0.1 M H2SO4 and b) 0.1 M HClO4 (5 pt Savitzky-Golay smoothed). For 
each set of graphs, the BB-IR focus centered on multifold frequencies.   
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Figure 6.6. BB-SFG intensities in counts per second (c.p.s.) of atop CO on polycrystalline platinum in 0.1 M HClO4 
with 50 mM HCOOH (black squares), 100 mM HCOOH (red circles), or 200 mM HCOOH (blue triangles). For 
each set of BB-SFG data, the BB-IR focus centered on atop frequencies.
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Figure 6.7. BB-SFG spectra of Pt(100) in 0.1 M HCOOH + electrolyte: a) 0.1 M H2SO4 and b) 0.1 M HClO4. For each set of graphs, the BB-IR focus was 
centered on multifold frequencies, and both sets of spectra are 5 pt Savitzky-Golay smoothed.  
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CHAPTER 7 
ELECTROCHEMICAL INVESTIGATIONS INTO THE ELECTROOXIDATION OF ETHANOL 
ON PT(111) 
 
7.1 Notes and Acknowledgements  
 This chapter marks the beginning of work with ethanol oxidation. While the majority of 
the electrochemical and spectroscopic studies with ethanol were with polycrystalline platinum 
electrodes (Chapter 8), this work was performed on Pt(111) single crystal electrodes in 
conjunction with an undergraduate in the group, Mary Choules. I would like to thank her for all of 
her hard work on this project for it provided some surprising results from the single crystal 
Pt(111) surface. I would also like to acknowledge the Army Research Office for funding through 
a MURI grant (DAAD19-03-1-0169) for fuel cell research to Case Western Reserve University. 
 
7.2 Introduction 
 The search for alternative fuel sources has become more pertinent as the current 
sources of fossil fuels deplete. One particular area of interest has been advancing the capacities 
of fuel cells to aim in alleviating the reliance on fossil fuels, as fuel cells directly and cleanly 
convert chemical energy to electricity. However, the development of fuel cells for large scale 
applications, such as automobiles, has been slowed due to the cost of currently available 
catalysts and difficulties in hydrogen storage as is required for direct hydrogen fuel cells. As 
platinum is a rare metal and also the main catalyst material for polymer electrolyte membrane 
fuel cells (PEMFCs), catalyst cost is a leading factor in providing a cost effective, mass 
produced fuel cell. Similarly, issues with the safe, effective storage of hydrogen has also 
increased the difficulty in providing a safe means of fuel delivery to a fuel cell. 
For these reasons, alcohols and other organic fuels which may be oxidized to hydrogen 
are an attractive alternative to direct hydrogen fuel cells. Among the alcohols, methanol has 
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been the leading fuel for direct alcohol fuel cells (DAFCs) for many reasons, including its 
solubility in aqueous electrolytes and ease of storage.1 Ethanol is also quite promising as a fuel 
due to its high energy density and other advantages over methanol, including the ability to 
collect and produce ethanol directly from biomass, its non-toxic properties, and the relatice ease 
of storage and transportation.2,3 However, incomplete ethanol oxidation hinders the 
development of ethanol fuel cell technology. 
The oxidation of ethanol can proceed through multiple reaction pathways (Figure 7.1).4-6 
Pathways (b) and (c) oxidize ethanol without cleaving the C-C bond and only allow a total of four 
electrons transferred. Pathway (a) involves the complete oxidation of ethanol leading to the 
transfer of twelve electrons such that adsorbed ethanol and acetaldehyde oxidize to CO and 
additional carbon fragments. As observed by Lai et al. through isotopic labeling of carbon, CHx 
is an adsorbed intermediate before further oxidation to CO and then to CO2.7 This overall 
pathway involves the difficult process of cleaving the C-C bond, which is not easy to accomplish 
at low temperatures.8,9 Pathway (b) involves the production of acetaldehyde (CH3CHO) through 
the oxidation of ethanol and the transferring of two electrons. Acetaldehyde can then be further 
oxidized to acetic acid (CH3COOH) via pathway (c) by transferring an additional two electrons. 
Acetic acid can be considered the final product of this path as it is extremely difficult to oxidize 
further due to an increased stability on the platinum surface.10,11  
Previous work has shown that ethanol oxidation is surface sensitive,6,12,13 but many 
experimental factors can also cause differences in reaction pathway ethanol takes at an 
electrode surface. Ethanol oxidation can occur amongst parallel reaction pathways at the 
electrode surface which leads to a mixture of products. As found by Giz et al., the concentration 
of ethanol in the solution induces variations in the final products of the oxidation reaction and 
can, at very high concentrations, be a “self-poisoning” process.14 At ethanol concentrations 
around 0.1 M, the main products were those requiring oxygen, such as CO2 and acetic acid. 
While at higher concentrations (1.0 M), the favored product is acetaldehyde.14 Differences in the 
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identity of formed products also occur with variations in the adsorption potential. The adsorption 
of CO occurs at relatively low potentials although CO adsorption is found to increase 
significantly at potentials above 0.3 V due to the additional oxidation of a CHx species not found 
at lower potentials.7  
Especially in the case of platinum, catalyst efficiency can be increased when the amount 
of poisoning species, such as adsorbed carbon monoxide (COads), is minimized. The 
competition between electrode poisoning and chemical bond activation affects the coordination 
of the atoms on the surface of the electrode.9 Decreasing the adsorption of CO onto the surface 
of the electrode increases the number of available coordination sites on the surface of the 
catalyst to allow for improved oxidation efficiency and greater energy output. As the acidic 
proton conducting polymer electrolyte membrane technology is more thoroughly developed than 
alkaline membranes, the acidic membrane DEFCs currently shown more promise than the 
alkaline DEFCs.15 Here, we observe surface reactions by conducting fast scan (10 V/s) 
measurements on Pt(111) in acidic media. Through the use of the fast scan data, we can 
discriminate surface species and bulk species and observe that: (i) as the electrode potential for 
adsorption increases, the CV peaks change due to surface intermediate formation as a result of 
changes in the ethanol oxidation pathway and (ii) ethanol interacts with platinum most efficiently 
at potentials in the hydrogen evolution and the double layer regions. 
 
7.3 Experimental Section 
7.3.1 Platinum crystals. The working electrode was a cut and polished 2 mm bead in the 
Pt(111) orientation. Prior to analysis, the single crystal Pt(111) electrode was annealed for 
several seconds in a hydrogen/air flame, cooled in an argon and hydrogen environment, and 
protected by a drop of ultrapure water for transfer to the electrochemical cell.12 After annealing 
the single crystal, a cyclic voltammogram (at 50 mV s-1) was performed in clean electrolyte 
solution to test the electrode surface. Typical voltammograms for Pt(111) in sulfuric and 
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perchloric acid are shown in Figure 7.2 and Figure 7.3, respectively, and are consistent with the 
previously reported results.16 The surface charge area was calculated by integrating the 
background CV in sulfuric acid to determine the active electrode surface area17 and was 
calculated to be 0.03 ± 0.01 cm2 for the 2mm bead electrode.  
7.3.2 Chemicals and Other Experimental Conditions. Ultra high purity Ar and H2 (SJ Smith), 
H2SO4 and HClO4 (GFS, double distilled from Vycor) and ethanol (Ethyl alcohol, Absolute 200 
proof from EM Science) were used throughout the experiments which were performed at room 
temperature (25±3°C). All glassware was acid cleaned. All solutions were prepared with 
ultrapure water (Millipore Milli-Q water, 18.2 MΩ cm-1, 3 ppb TOC) and deaerated with Ar before 
measurement.  
7.3.3 Electrochemical Methods. Combined CA and CV analyses were performed in either 
clean electrolyte (0.1 M H2SO4 or 0.1 M HClO4) or ethanol solutions (0.1 M CH3CH2OH in 0.1 M 
H2SO4) in a three electrode electrochemical cell with a platinum wire counter electrode and an 
Ag/AgCl (BAS, [Cl-] = 3 M) reference electrode. All reported values are versus RHE. 
Electrochemical measurements were obtained using a computer-controlled potentiostat (Eco 
Chemie, Autolab PGSTAT 100 with GPES software v.4.9).  
The CA/CV program consists of three processes including cleaning potential steps (to 
ensure surface cleanliness and reproducibility) followed by a chronoamperometric step at a set 
potential and reaction time followed by a fast scan CV without breaking potential control during 
the course of the experiment.18-20 The chronoamperometric step is performed immediately after 
the cleaning cycle and controls the extent of the formic acid oxidation reaction on a clean 
electrode to allow the monitoring of surface reactivity during adsorbate accumulation. Following 
CA deposition, three fast scan CVs were measured in the meniscus configuration. The first scan 
strips the adsorbates, namely COad, from the surface, which are then quantitatively measured 
by integrating the stripping area between the first scan and the second scan. The third scan 
ensures that the surface remained unchanged during subsequent scans. 
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CO stripping experiments were also performed with the combined chronoamperometric 
and fast scan CV program. In this case, the CO was adsorbed onto the surface, either by dosing 
the electrolyte with CO(g) or from the ethanol fuel solution, at a constant potential for ten 
minutes, and the fast scan stripping cyclic voltammograms (10 V/s) were performed in the argon 
purged fuel solution. θCO is calculated by integrating the area under the stripping peak. For these 
data sets, the contribution due to anion adsorption was not corrected for in sulfuric electrolyte.  
 
7.4 Results and Discussion 
7.4.1 Fast Scan CO stripping on Pt(111) in H2SO4. Fast scan cyclic voltammetry allows for the 
discrimination of surface species from bulk species. When paired with chronoamperometry, 
these techniques allow for the methodical observation of the extent of CO adsorption on the 
surface under varying electrochemical parameters. Analysis of the fast-scan CV reveals two 
main features: a large anodic peak around 1.0 V, followed by the return of the clean Pt(111) 
surface in the consequent sweeps (Figure 7.4). The anodic peak near 1.0 V corresponds to 
oxidation of the surface CO to CO2 and it is not present during subsequent scans. The charge of 
this peak may be calculated by subtracting the second scan from the peak current of the initial 
scan and integrating the area under the curve. The resulting charge, referred to as QCO, 
includes the surface adsorbed CO and depends upon both reaction time and potential. When 
the CA reaction times are long, CO coverage reaches a maximum, and the resulting charge 
area should also reach a maximal value. A comparison of the CV charge areas for Pt(111) in 
both sulfuric and perchloric acid electrolytes studied as a function of reaction potential is 
illustrated in Figure 7.5 (these values have not been corrected for the anionic charge due to 
bisulfate, so the calculated QCV charge is slightly larger due to the co-adsorption of sulfate). 
Even without the correction for the (bi)sulfate adsorption upon the Pt(111) surface in clean 
electrolyte, the amount of CO adsorbed was less in sulfuric acid than in perchloric acid, 
demonstrating the reduction in available reaction sites caused by the co-adsorption of the 
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bisulfate anion. For both electrolytes, electrode poisoning by COads was highest at potentials at 
and below 0.6 V (Figure 7.5). At potentials higher than 0.6 V, a small amount of COads was 
evident on the surface in perchloric acid, but COads was stabilized in sulfuric acid at 0.7 V until 
complete oxidation for both electrolytes at 0.8 V and higher.    
7.4.2 Ethanol Oxidation on Pt(111) in H2SO4. The CA and fast scan CV technique was also 
utilized to observe the adsorbed intermediates of ethanol oxidation under controlled 
electrochemical conditions. When oxidizing ethanol in sulfuric acid on Pt(111), the amount of 
adsorption products increased on the surface as the CA holding potential was increased (Figure 
7.6). It is interesting to note that at CA adsorption potentials below 0.1 V and above 0.6 V, no 
noticeable adsorption intermediates were detected upon the surface of the electrode. This 
would suggest that no intermediates are adsorbed on the electrode surface due to surface 
oxidation, and only bulk oxidation of ethanol is occurring. In order to test this theory, another CV 
was taken at a slower scan rate (50 mV/s) and a CA adsorption potential of 0.35 V (Figure 7.7). 
In this CV, bulk oxidation is present in both the forward and the back scans, as is shown by the 
anodic peaks near 0.6 V in both the first and the second scans and the cathodic peak near 0.6 
V. The anodic peak at 0.8 V in the first scan would correspond to surface CO, as the adsorption 
potential allowed for the adsorption of surface CO.   
At adsorption potentials between 0.2 and 0.35 V (Figure 7.6), two oxidation 
intermediates are clearly evident, with one peak near 0.7 V and the other near 0.95 V. The first 
peak corresponds to surface adsorbed acetaldehyde7,21,22 and the other to the adsorption of CO, 
as was confirmed by the fast scan CO stripping voltammograms.  
The evidence of CO binding to the surface is contradictory to the results determined by 
Colmati et al.6 whereby the main product on the surface during the oxidation of ethanol is acetic 
acid and acetaldehyde is formed as a secondary product with the production of CO being 
minimal. The cause of the difference between the work of Colmati et al. and the work shown 
here is within the CA scan. Colmati et al. collected data during CA for 500 ms, while in this work 
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the CA time was 500 s. This broad difference in the amount of time held at the desired potential 
indicates the electrochemical control of oxidation products adsorbed on the surface. The longer 
CA time allowed for a greater production and adsorption of CO onto the surface such that it 
becomes detectable by CV.  
 
7.5 Conclusions 
Surface reactions associated with ethanol oxidation were observed by conducting fast 
scan (10 V/s) measurements on Pt(111) in acidic media. By the use of the fast scan data, we 
can discriminate surface species from bulk species. The fast scans show that the extent of 
ethanol oxidation is a function of the electrode potential. Ethanol interactions with the platinum 
were observed to maximize at the intersecting hydrogen and double layer potentials (~0.3 V). 
As the adsorption potential changes, adsorption products differ due to changes in active 
oxidation pathways, as seen in the CV peaks of formed surface intermediates.  
In view of the above, the tentative interpretation of the fast scan voltammogram data 
concludes that ethanol interacts with platinum at the indicated potentials, and decomposes to 
form three surface intermediates—CO, acetaldehyde, and acetic acid. Of the three, CO and 
acetaldehyde are adsorbed at low potentials. As the adsorption potential increases (0.2 – 0.35 
V), co-adsorption of acetaldehyde and CO occurs. At higher adsorption potentials (0.4 – 0.5 V), 
COads is the stable surface product. Slow scan voltammograms (50 mV/s) show bulk oxidation in 
addition to surface CO features (or formation of acetaldehyde and/or acetic acid from ethanol) at 
around 0.35 V. On the return scan, the bulk oxidation of ethanol is preliminarily observed. 
Further scans show only bulk oxidation of ethanol, for instance, and no oxidation of CO to CO2. 
This data show that when combined with the fast-scan CV, the potential and time control of the 
CA scan gives insight as to the behavior of adsorbed ethanol oxidation intermediates upon the 
surface, but further information could be gained at to the nature of these adsorbates with the 
application of a vibrational technique, such as BB-SFG. 
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7.7 Figures 
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Figure 7.1. Ethanol oxidation pathways upon platinum. Pathway (a) shows complete oxidation that occurs via 
chemisorbed CO, (b) shows the production of acetaldehyde, and (c) shows the production of acetic acid. 
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Figure 7.2. Cyclic voltammograms of Pt(111) in 0.1 M H2SO4 in the meniscus configuration. Scan rate was 50 
mV/s.  
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Figure 7.3. Cyclic voltammograms of Pt(111) in 0.1 M HClO4 in the meniscus configuration. Scan rate was 50 
mV/s.  
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Figure 7.4. Fast scan cyclic Voltammograms of Pt(111) in 0.1 M H2SO4 in the meniscus configuration. Scan rate 
was 10 V/s, and the CA adsorption potential was 0.35 V at 500 seconds.  
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Figure 7.5. Comparison of CO adsorbed charge area variation for Pt(111) between electrolytes calculated by fast 
scan CO stripping cyclic voltammograms. Black squares represent 0.1 M HClO4, and red circles represent 0.1 M 
H2SO4. CA adsorption times were 500 seconds. 
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Figure 7.6. Fast scan cyclic voltammograms of Pt(111) in 0.1 M CH3CH2OH + 0.1 M H2SO4 in the meniscus 
configuration. Scan rate was 10 V/s. The scans are staggered for ease of view. CA adsorption potentials are in the 
right margin of the graph and are vs. RHE. CA adsorption times were 500 seconds. 
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Figure 7.7. Cyclic voltammograms of Pt(111) in 0.1 M CH3CH2OH + 0.1 M H2SO4 in the meniscus configuration. 
Scan rate was 50 mV/s.  
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CHAPTER 8 
SPECTROSCOPIC STUDIES OF ETHANOL ELECTROOXIDATION  
ON POLYCRYSTALLINE PLATINUM IN ACIDIC MEDIA 
 
8.1 Notes and Acknowledgments  
This chapter is a continuation of the initial studies of the electrooxidation of ethanol on 
platinum electrodes and consists of unpublished data. As we started this work on the Pt(111) 
single crystal with purely electrochemical studies, the work on polycrystalline platinum shown 
here is primarily with BB-SFG. With the valuable surface information that we gained from the 
single crystal surface as to the potential dependence of products formed, our aim was to test the 
potential dependence of the oxidation reaction on polycrystalline platinum and encourage one 
oxidation product over another while observing the region of interest via BB-SFG. 
I would like to acknowledge various people who have helped with this project. Robert 
Kutz, and Björn Braunschweig have assisted with the electrochemical and spectroscopic 
aspects of this work, as well as many insightful conversations for interpreting the work. 
Christopher Berg, Prabuddha Mukherjee, and Alexei Lagutchev have all helped with the 
spectroscopic aspects of this project, including maintenance of the laser. Professors Dana D. 
Dlott and Andrzej Wieckowski have been invaluable with their support and intellectual insight 
towards this project. Also, I would like to acknowledge the financial support of this project by the 
Army Research Office under contract W911NF-05-1-0345 by the Army Research Office for 
funding through a MURI grant (DAAD19-03-1-0169) and by the Air Force Office of Scientific 
Research under contract FA9550-09-1-0163 (to DDD).  
 
8.2 Introduction 
 The oxidation of small organic molecules, such as formic acid, methanol, and ethanol, 
has been intensely studied to elucidate the mechanism of these reactions on catalyst surfaces 
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for fuel cell applications. Among these, the interest in ethanol has increased, not only as a 
renewable resource, but especially as a fuel source due to its high theoretical yield of 12 
electrons released upon complete oxidation to CO2.1 However, if incomplete oxidation occurs 
upon the catalyst, a major setback with ethanol oxidation due to difficulty in breaking the C-C 
bond, byproducts and intermediates form either slowing the oxidation reaction or prohibiting it 
from occurring further.2-5 These partial oxidation products include CO6,7 and acetaldehyde5,7 
intermediates, and acetic acid, which cannot further oxidize to CO2.5,8 
It has been well established that sulfate species from sulfuric acid adsorb onto a 
platinum surface.9-13 However, less is known about the role that this adsorbing and other 
adsorbed species plays in oxidation reactions, especially if the adsorbed species is specifically 
and randomly bound or site-specific. When studied in the presence of CO, the sulfate is 
desorbed as the CO is adsorbed,13 and does not appear to hinder CO adsorption. However, 
recent studies found that adsorption of anions from the electrolyte, including sulfate, either 
blocks or “crowds” available adsorption sites and changes the electronic and/or geometric 
properties of the surface.14 This blocking of sites is seen in reduced catalytic activity when 
sulfuric acid is an electrolyte but not for perchloric acid, as sulfate/bisulfate adsorption is much 
stronger than perchlorate adsorption.15  
Similar to other fuels, ethanol oxidation is also surface structure sensitive,16-18 but many 
other factors also play a role in the pathway of ethanol oxidation. Ethanol concentration can be 
a major factor in the amount of products formed. At low concentrations (<0.1 M), acetic acid was 
the main product formed by ethanol oxidation.19 At high concentrations of ethanol (> 2M), 
acetaldehyde is a major product formed on platinum.20,21 On Pt(110) as the concentration of 
ethanol increased, the formation of CO islands caused a Pt(110) surface reconstruction and 
decreased the amount of CO2 formed.22 However, ethanol concentration is not the only 
contributor as to amount and type of oxidation products formed. Adsorption potential can also 
determine which pathway ethanol oxidation proceeds, and hence, which products are formed. 
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On polycrystalline platinum at an adsorption potential of 0.35 V vs. RHE, a study by Iwasita et al. 
using in-situ IR spectroscopy showed that CO adsorption was increased, but other oxidation 
products formed were difficult to discern between adsorbed at the electrode surface and bulk.21 
In another study using FTIR, at an adsorption potential of 0.5 V vs. RHE, CO, acetic acid, and 
CO2 were present for all concentrations studied,19 but again, was not able to be distinguished 
between surface or bulk species.  
Since sum frequency generation is a surface specific technique, we report 
electrochemical studies of ethanol decomposition and spectroscopic studies by broad-band 
SFG of decomposition of ethanol on polycrystalline platinum. Femtosecond broadband multiplex 
sum frequency generation spectroscopy (BB-SFG) is a new method to access molecular 
structure at the solid/liquid interface. This is an vibrational technique that allows data acquisition 
on real electrochemical time scales, e.g., under voltammetric electrode treatment.23,24  In the 
BB-SFG electrochemical cell, the gap between the electrode and the optical window is relatively 
thick (25 µ), so the voltammetric characterization is not affected by the electrolyte ohmic drop as 
long as the sweep rate does not exceed 5 mV/s. Using simultaneous electrochemical 
techniques and broad-band sum frequency generation, the byproducts and intermediates of 
ethanol oxidation formed on polycrystalline platinum discussed in acidic media, as a function of 
electrolyte composition and ethanol concentration. 
 
8.3 Experimental 
8.3.1. Polycrystalline Platinum Working Electrodes. All experiments were carried out at 
ambient temperature (21 ± 2 °C), and potentials were measured against a commercial Ag/AgCl 
electrode (BAS, [Cl-] = 3 M), and are reported versus this reference. A 6 mm in diameter 
polycrystalline platinum electrode (MaTeck) was used as the working electrode. To prepare the 
electrode for electrochemical and spectroscopic measurements, the surface was cleaned with a 
fast scan cyclic voltammogram (CV), where the electrode was cycled multiple times from the 
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hydrogen evolution region to the oxide formation region to clean the surface of adsorbates at a 
scan rate of 200 mV/s. The electrode was cycled until the surface was stable. After the cleaning 
process, another cyclic voltammogram at a scan rate of 50 mV/s was performed in clean 
electrolyte (0.1 M H2SO4 or 0.1 M HClO4) to test the electrode surface.  
Cyclic voltammetric and chronoamperometric measurements for the platinum working 
electrode was carried out using a PAR 263A potentiostat through the Corrware software 
(Ametek) and were performed in either the electrolyte or the ethanol fuel solution (X M 
CH3CH2OH + 0.1 M H2SO4 or 0.1 M HClO4). The surface charge area was calculated by 
integrating the background CV in sulfuric acid to determine the actual electrode surface area.25 
Typical voltammograms for polycrystalline platinum in sulfuric acid (black line) and perchloric 
acid (red line) are shown in Figure 7.1 and are consistent with previously reported results.26 
8.3.2. Chemicals and Other Experimental Conditions. All chemicals and gases were used as 
received and were of the highest purity available including sulfuric, perchloric (GFS 
Chemicals) ,and ethanol (Sigma-Aldrich), CO (Matheson, research purity), UHP Ar (SJ Smith) 
and Millipore water (18.2 MΩ, 3ppb TOC). All glassware was acid cleaned prior to use, and all 
solutions were prepared with ultrapure water (Millipore Milli-Q water, 18.2 MΩ, 3 ppb TOC) and 
deaerated with Ar before measurement.  
8.3.3. Electrochemical Methods. Cyclic voltammetric and chronoamperometric (CA) 
measurements were carried out using a PAR 263A potentiostat through the Corrware software 
(Ametek) and were performed in either clean electrolyte or the ethanol fuel solution (0.1 M 
CH3CH2OH + 0.1 M H2SO4 or 0.1 M HClO4). 
The electrochemistry-SFG apparatus and the SFG-electrochemical cell have been 
described previously and allow for SFG and electrochemical measurements to be collected 
simultaneously.23,24,27,28 A block diagram of the laser apparatus has been shown previously, and 
the CCD detector and the potentiostat were synchronized in an open-loop configuration by 
initiating the experiment with a common trigger.23,24,29 The broad-band IR pulses and narrow-
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band visible pulses at a repetition rate of 103 s-1 were 5 µJ and 20 µJ respectively, and were 
focused to a beam diameter around 300 µm. The spectral resolution, as determined by the 
width of the visible pulse, was 10 cm-1. An analysis of sample heating has been presented 
previously,23 and experiments where the repetition rate was reduced to 100 Hz confirmed that 
heating has negligible effects on the spectra produced in the experiments presented here. 
Measures were taken to ensure that both devices remained well synchronized throughout the 
duration of each SFG-electrochemistry run. 
Time streams of ppp polarized SFG spectra23 were obtained at 200 ms intervals while 
scanning the potential at 5 mV/s vs. Ag/AgCl in a thin layer electrochemical cell. For each BB-
SFG spectra, the BB-IR input energy was focused to maximize either the atop or multi-fold 
transitions. To maximize the atop intensities, the BB-IR was centered between 4700 - 4900 nm 
(2041 - 2128 cm-1). In order to observe both the multi-fold and atop transitions, the BB-IR was 
centered between 5100 - 5600 nm (1786 – 1961 cm-1). Differences in the tuning of the BB-IR 
centers for each data set are due to normal fluctuations in laser intensity across multiple days. 
The BB-SFG spectra have been presented on the same intensity scale (counts per second) with 
an offset added for ease of data visualization in order to separate the individual spectra 
vertically. Scale bars have been added to the spectra to compare intensities between graphs for 
each BB-IR center. The peaks were fit to ensure that the CO spectra followed the expected 
values for CO BB-SFG analyses as previously reported,23 although only the unfitted data are 
shown. Some BB-SFG spectra were smoothed using 5 point Savitzky-Golay procedure in Origin 
8 and are labeled as such.30 
The thin-layer electrochemical (TLE) cell was made of Kel-F and glass with a MgF2 
optical window. The polycrystalline Pt working electrode (described above) was placed inside a 
glass holder, and a 25 μm thick Teflon spacer was placed between the electrode and the MgF2 
window. The glass holder was used as a plunger to compress the spacer between the electrode 
and the optical window to create a uniform electrolyte layer of known thickness (25 µm). 
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 8.4 Results and Discussion 
 As was previously discussed in Chapter 6, a major difference observed via BB-SFG on 
polycrystalline platinum between sulfuric and perchloric electrolytes, even in a CO saturated 
solution, was the presence of a bridge transition in sulfuric acid and the lack of this transition in 
perchloric electrolyte. This difference could possibly be due to the site-blocking of active sites on 
the surface by the strongly adsorbing sulfuric anion,14 even though little difference was noticed 
in the cyclic voltammograms (Figure 8.1). In fact little difference was noticed in atop intensities 
between the two electrolytes in a CO-saturated solution (Figure 8.2). The signal from perchloric 
acid (red circles) was a bit more intense (approximately 15% increase) than the equivalent 
sulfuric acid signal (black squares). This slight loss of atop CO signal intensity in sulfuric acid, 
as compared to perchloric acid, could be attributed to both the site blocking by sulfate ions and 
by the occupation of the bridging sites.  
 Various ethanol concentrations were studied by BB-SFG in both sulfuric and perchloric 
acid. Atop and bridging CO transitions were monitored for concentrations of 10, 50, 100 and 500 
mM ethanol (data not shown). As was expected, generally the CO atop signal for increased as 
the ethanol concentration increased. These findings are in support of previous studies showing 
that at low concentrations (<0.1 M), CO2 production is low.19 At higher concentrations, other 
studies have shown that acetaldehyde is the main product,20,21 but our work suggests that COads 
is also a major contributor in the oxidation reaction of ethanol. Under the right electrochemical 
conditions, both adsorbed acetaldehyde and CO can further oxidize to CO2 and provide a 
complete oxidation of ethanol. This further oxidation of adsorbed acetaldehyde and CO may be 
seen when comparing the atop CO intensities in the forward and the back scan between CO-
saturated 0.1 M HClO4 and CO from 0.5 M CH3CH2OH in 0.1 M HClO4 (Figure 8.3). Similar 
trends were seen in H2SO4 (data not shown). On the forward scan, COads from CO-saturated 
solution (black squares) begins to oxidize at 0.2 V, as seen by the decrease in signal intensity. 
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However, the COads from ethanol continued to increase until oxidation began around 0.5 V with 
complete oxidation around 0.8 V. On the reverse scan, CO from the CO-saturated solution did 
not re-adsorb onto the electrode surface, yet there is a COads signal from ethanol. This signal 
could be due to both the continuing oxidation of ethanol that diffuses back into the thin layer gap 
and the continuing oxidation of adsorbed acetaldehyde to COads, as acetaldehyde would only be 
able to adsorb onto the surface at potentials where CO is no longer stable. 
When comparing CO from ethanol oxidation to CO from a CO-saturated solution, a 
similar trend was observed for ethanol oxidation of 0.5 M CH3CH2OH in 0.1 M HClO4 (Figure 
8.4) and 0.1 M H2SO4 (Figure 8.5). Figures 8.4a and 8.5a show the BB-SFG atop COads signals 
when maximized, and Figures 8.4b and 8.5b spectra with the BB-IR focus on the bridging CO 
region. Atop CO signals when the BB-IR focus is centered on bridging transitions are 
approximately 10% of when the BB-IR focus is centered on the atop transitions. Despite the loss 
in signal, the atop signals shown when centered on the bridging regions, mirror the atop only 
signals quite nicely. For perchloric acid (Figure 8.4), the atop CO signal was oxidized at 0.8 V, 
compared to 0.7 V in sulfuric acid (Figure 8.5). Both electrolytes demonstrate the steady-state 
CO behavior by the slight broadening of the peak before oxidation and are oxidized at a higher 
potential than COads from CO-saturated electrolyte. However, COads in perchloric acid is 
stabilized upon the surface at slightly higher potentials than COads in sulfuric acid. Based upon 
these data, it is difficult to hypothesize why COads from ethanol oxidation would be slightly more 
stable in perchloric acid over sulfuric acid, but this could be due to other processes occurring on 
the electrode surface, such as weakly adsorbed acetaldehyde oxidizing to COads. These other 
intermediates are currently under investigation by BB-SFG including adsorbed acetaldehyde 
and acetic acid in both acidic electrolytes.   
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8.5 Conclusions 
Here, we use broad-band sum frequency generation spectroscopy (BB-SFG) to examine 
the oxidation products of ethanol as a function of potential and concentration. Unlike other 
techniques, we see a strong CO  signal with BB-SFG from the oxidation of ethanol 
demonstrating the breaking of the C-C bond on the platinum surface. We are still investigating 
the other intermediates from ethanol oxidation, including the low frequency transition of acetic 
acid, and have seen promising results towards the spectral observation of these adsorbates. 
We have already demonstrated the strength of the BB-SFG technique towards the observation 
of all forms of the CO intermediates, including steady-state, as the potential was scanned at 5 
mV/s. Similar to the BB-SFG work in formic acid, we observed both, both the atop and bridge 
CO transitions were present on the polycrystalline electrode in sulfuric acid but only the atop CO 
transition in perchloric acid. These measurements show that BB-SFG can observe potential-
dependent interconversion of different CO forms on the electrode surface and can measure 
steady-state reaction intermediates on a surface in real time.
ads
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Figure 8.1. Cyclic voltammograms of polycrystalline platinum in the meniscus configuration in 0.1 M H2SO4 (black 
line) and 0.1 M HClO4 (red line). Scans were at a scan rate of 50 mV/s. 
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Figure 8.2. BB-SFG signal intensities for the atop transitions for CO-saturated 0.1 M H2SO4 (black squares) and 0.1 
M HClO4 (red circles). BB-IR focus was at 4800 nm for both sets of spectra and scanned at a scan rate of 5 mV/s.  
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Figure 8.3. BB-SFG intensities of atop CO on polycrystalline platinum in 0.1 M HClO4 from CO-saturated solution 
(black squares) or 0.5 M CH3CH2OH (red circles). For each set of BB-SFG data, the BB-IR focus was at 4800nm 
(2083 cm-1) centered on atop frequencies.
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Figure 8.4. BB-SFG spectra of ethanol oxidation in 0.5 M CH3CH2OH + 0.1 M HClO4 on polycrystalline platinum: a) BB-IR focus is at 4800 nm (2083 cm-1) to 
center on atop frequencies and b) BB-IR focus is at 5050 nm (1980 cm-1) to center on bridging frequencies. 
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Figure 8.5. BB-SFG spectra of ethanol oxidation in 0.5 M CH3CH2OH + 0.1 M H2SO4 on polycrystalline platinum: a) BB-IR focus is at 4800 nm (2083 cm-1) to 
center on atop frequencies and b) BB-IR focus is at 5100 nm (1961 cm-1) to center on bridging frequencies. 
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CHAPTER 9 
SUMMARY AND FUTURE DIRECTIONS 
 
9.1 Summary 
The use of electrochemistry offers much information about electron transfer reactions 
and molecular adsorption and desorption that take place at an electrode surface. Especially 
through fast scan cyclic voltammetry, surface reactions can be distinguished from the bulk. By 
changing either or both the adsorption time and the adsorption potential through 
chronoamperometry, the extent of poisoning was able to be determined on the electrode 
surface.  When comparing the activities of the three single crystal platinum electrodes studied—
Pt(111), Pt(100), and Pt(110) with that of polycrystalline platinum in a formic acid solution, it was 
seen that Pt(100) had the highest activity for formic acid oxidation before the surface was 
poisoned by COads. Of the 4 platinum surfaces, Pt(111) retained the highest activity even after 
long adsorption times, and Pt(100) was the least active at long reaction times. When the 
adsorption potential was increased to potentials where CO began to oxidize to CO2, the activity 
began to return for Pt(100) and Pt(110). These increases in activity are supportive of the triple 
pathway mechanism for formic acid oxidation, as the oxidation reaction continues to occur 
though another intermediate at higher potentials rather than direct oxidation. 
Integrating the peak from the fast scan stripping peak resulted in a quantitative value, 
QCV or QCO, by which we were able to determine that, indeed, the platinum surfaces did poison 
very quickly. The coverages shown for Pt(110) changed very little when the adsorption times 
were varied from 20 seconds to 1000 seconds. When analyzed in a CO-saturated solution, 
comparisons could be made between surface saturation and conditions of lower CO coverage. 
The actual coverage could be determined by CO-stripping experiments either in the CO-
saturated solution or CO formed from the fuel solution. By calculating the CO-coverage, we 
determined that the CO formed from formic acid oxidation on Pt(100) was similar to that of CO 
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adsorbed in a CO-saturated solution. Based upon the QCO data, we would expect very similar to 
saturation coverages for Pt(110) as well. 
Fast scan cyclic voltammetry for ethanol oxidation showed very clearly that the oxidation 
reaction was dependent upon the adsorption potential. However, it was difficult to try to 
determine the identity of these other adsorbates. Based upon literature, the other 
products/intermediates of ethanol oxidation are acetic acid and acetaldehyde. As acetic acid 
typically does not adsorb near 0.6 V, we concluded that this other adsorption peak was 
acetaldehyde. However, we did not run acetic acid experiments on Pt(111) but on 
polycrystalline platinum where the adsorption of acetic acid is very little. This difficulty in 
determining the identity of adsorbates from the cyclic voltammograms further supports the need 
for spectroscopic techniques, especially one that is surface sensitive as BB-SFG. 
Observation of CO adsorbates was easily investigated through the combined techniques 
of electrochemistry and BB-SFG. This combinatory technique allowed for the observation of site 
conversions of CO from atop, bridge, and multi-fold adsorption sites. These conversions and 
multiple site occupations are not detected by electrochemical means alone. From formic acid 
oxidation on Pt(100), the site conversions in sulfuric acid were subtle, as compared to the bridge 
to atop conversions observed in perchloric acid. Electrochemically, a difference was also seen 
in the clean electrolytes, mainly by the adsorption, or lack thereof, of the (bi)sulfate peak. A 
difference in electrolytes was also observed on polycrystalline platinum. In perchloric acid there 
was only CO adsorbed onto atop sites, but there was dual occupation of both atop and bridging 
sites in sulfuric acid. This observation was observed both in CO-saturated electrolyte and in an 
ethanol fuel solution. This dependence of site occupation based upon electrolyte is a little bit 
more difficult to explain. Perhaps the electrolyte plays more of a role in the reaction rates of 
surface reactions than was previously thought. 
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9.2 Future Directions 
 In order to gain more information from the fundamental studies of formic acid and 
ethanol oxidation on platinum, collaboration with a theorist could help deepen the level of 
understanding of these systems and why they work. Electrochemical information like CO 
coverages, and spectroscopic information of adsorbed intermediates would aid a theorist in 
uncovering new information about these systems. It would also be beneficial to further explore 
other intermediates by BB-SFG. Perhaps there are other intermediates which also play a role in 
the oxidation reactions, which have yet to be uncovered, or to further examine those which have 
been observed would offer more information of these small organic molecule oxidation 
reactions.  
From the current BB-SFG work with formic acid and ethanol, the reason for the return of 
COads on the cathodic sweep of a disordered surface is not understood. Is it merely the 
continuing oxidation of the bulk fuel, as it diffuses back in the thin layer? Or is it the oxidation of 
an adsorbed intermediate to CO, perhaps acetaldehyde from ethanol oxidation or formate from 
formic acid? Also, how does the electrode’s surface order contribute to the return of COads? As 
COads was not observed via BB-SFG on the backscan during formic acid oxidation on a well-
ordered Pt(100) crystal, but COads was observed for a disordered Pt(100) and polycrystalline 
surface, is the formic acid oxidation reaction more efficient on a well-ordered surface, since the 
poisoning intermediate was not observed? Observing the CO intermediate has not been 
explored on other platinum single crystal surfaces or for ethanol oxidation, so the role of the 
surface structure and order has not been thoroughly explored. With BB-SFG, the observation of 
other oxidation intermediates of formic acid and ethanol would be able to help determine if the 
return of the poisoning intermediate COads is due to the continuing oxidation of acetaldehyde or 
formate, or due to the oxidation of the fuel back as it diffuses back into the gap.  
 Along with studies of the role of the surface structure on formic acid and ethanol 
oxidation, additional studies of the ethanol and formic acid oxidation should be continued both 
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electrochemically and spectroscopically on other catalyst systems in both acidic and basic 
media. Even though platinum is a beautiful catalyst system to explore, its under-abundance in 
the earth’s crust, as compared to other transition metals does not make it a viable option for the 
commercialization of fuel cells. Other catalyst materials, such as bimetallic electrodes, and other 
fuel systems could possibly show promising results for fuel cell systems and should be 
explored.  
As formic acid is an intermediate in the oxidation of other organic molecules, fully 
understanding the scope of formic acid oxidation on a wide system of electrode surfaces could 
enhance the performance of direct alcohol fuel cells. For instance, University of Illinois 
Professors Paul Kenis1-3 and Richard Masel4-7 utilize palladium electrodes with their formic acid 
fuel cell systems, but the understanding as to why this metal is a viable electrode for formic acid 
oxidation continues to be poorly understood. Further in-depth fundamental studies on the 
palladium electrode system, as well as further investigation of bimetallic surfaces such as a Pt-
Pd, Pt-Au, or supported nanoparticle electrodes, may lead to discoveries of electrode systems 
with similar or higher catalyst activity towards formic acid oxidation or other fuel systems. As Pt-
Ru has been shown to be very active towards methanol oxidation,8-14 this bimetallic electrode 
should be explored for the ethanol system. Pt-Sn in acidic media15,16 and Pd-Ni in basic media17 
also appear to be notable catalyst systems to study for improved ethanol oxidation. With the 
combined techniques of electrochemistry and BB-SFG, much new information can be gained 
about surface specific reactions in new fuel and catalyst systems. 
 Lastly, and to me most importantly, I think the exploration of the adsorption behavior of 
the bisulfate/sulfate system with BB-SFG would greatly further the knowledge of how this 
strongly adsorbing anion factors into electrochemical reactions. Does this anion truly control 
where other adsorbates are adsorbed on the surface, as is suggested by the BB-SFG data? 
Previous works have shown that (bi)sulfate adsorbs at higher potentials18 and desorbs when 
another more-strongly adsorbed intermediate is adsorbed onto the surface. However, the BB-
 186
SFG data the behavior of COads in sulfuric and perchloric acid on polycrystalline platinum may 
show that the anion adsorption of bisulfate/sulfate is stronger than previously thought. In sulfuric 
acid, COads occupied both atop and bridge sites for all potentials, and there was no mobility of 
CO on the surface, even at higher potentials, unlike in perchloric acid where site conversion was 
observed. If bisulfate/sulfate is truly more strongly adsorbed than previously thought, a constant 
adsorbed layer could be present at the electrode surface, limiting the number of available active 
sites and perhaps play a more active role by which pathway the fuel oxidation reaction occurs. 
Exploration of the bisulfate/sulfate intermediates has been explored by other means before (e.g. 
isotopes and IR techniques), but not, to the best of my knowledge, with a technique as surface 
sensitive as BB-SFG in both the fuel solution and in clean electrolyte.  
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